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LIGHTNING ARRESTER SPARK GAPS 

Their Relation to the Problem of Protecting Against 

Impulse Voltages 

BY CHESTER T. ALLCUTT 


Abstract of Paper 

This paper describes a new form of high-voltage lightning 
arrester gap which has been called the “impulse protective gap” 
because of its particular effectiveness in protecting against line 
disturbances of steep wave front. 

The paper opens with a brief resume of some of the results of 
previous investigations of the subject of impulse voltages. . A 
discussion of the points involved in securing adequate protection 
against transient voltages of steep wave front follows. Par¬ 
ticular reference is made to some of^ the conditions that may 
exist when a high-frequency impulse is superimposed on a low- 
frequency wave. In this connection is. shown the desirability 
of a gap having a selective action, making it sensitive to steep 
wave fronts, and a number of forms of gap having this selective 
property are described. 

Methods employed in testing these gaps are described and 
the results of a large number of experiments are tabulated. 
Tests on the action of a high-frequency impulse combined with 
a 60-cycle wave are included in the experimental work. From 
the experimental data a number of curves are plotted showing 
the discharge characteristics of the impulse protective gap under 
many different conditions. 

The results of the tests are highly favorable and indicate 
that the new gap may have a wide application in the field of 
lightning protection. 

♦ 

I N GENERAL, a high-voltage lightning arrester consists of 
two distinct parts: First, a spark gap for discharging 
abnormal voltages; and second, means for preventing the normal 
line voltage from maintaining a power arc across the gap. In 
past years the satisfactory interruption of the power arc has 
been the most serious part of the lightning arrester problem, 
and, in consequence, the attention of manufacturers has been 
concentrated on the development of this feature. It is only 
comparatively recently that the gap itself has been receiving 
its due share of attention. 

It is quite a simple matter to provide an electrical “safety 
valve” in the form of a spark gap to discharge abnormal volt¬ 
ages of low frequency, but when we have to deal, with steep 

833 
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wave fronts, or impulse voltages,'as they have been termed, 
there are certain complications due to dielectric spark lag. The 
existence of the phenomenon of dielectric spark lag was first 
brought to the attention of the Institute by E. E. F. Creighton 1 
more than ten years ago. A later paper by Steinmetz and 
Hayden 2 gave the results of certain tests on the transient 
breakdown voltage of different gaps as a function of the energy 
available. Other papers 3 on impulse tests on porcelain shed 
some further light on the subject of dielectric spark lag but 
still left our knowledge of the subject in a rather incomplete 
state. It remained for F. W. Peek, Jr. 4 to present to the Insti¬ 
tute the first quantitative data on the breakdown strength of 
different forms of gap under the action of transient voltages of 
carefully predetermined characteristics. 

Mr. Peek’s extensive investigations have definitely estab¬ 
lished the fact that some forms of spark gap require a very 
much higher voltage to discharge a high-frequency impulse 
than is required to discharge a continuously applied 5 e.m.f. 
The name “impulse ratio” has been given to the ratio of the 
impulse breakdown voltage of a gap to the continuously applied 
breakdown voltage. The impulse ratio was found to vary with 
the shape of the gap electrodes, the length of the gap and the 
shape of the impulse wave applied. In case of the needle gap, 
for example, the impulse ratio was found to be considerably 
greater than two under some conditions. The sphere gap, on 
the other hand, was found to have an impulse ratio of substan¬ 
tially unity through a wide range of gap setting. The general 
conclusion reached by Peek was that a gap in which the dis¬ 
charge is preceded by corona will, in general, have an impulse 
ratio greater than unity, the impulse ratio increasing with the 
non-uniformity of the field and with the steepness of the 
wave front applied. 

1. E. E. F. Creighton. Methods of Testing Electrical Porcelain. 
A. I. E. E. Transactions, Vol. 25, p. 365, May 1906. 

2. J. L. R. Hayden and C. P. Steinmetz. Disruptive Strength with 
Transient Voltages. A. I. E. E. Transactions, Vol. 29, p. 1125, June, 
1910. 

3. A. Chernyschoff and C. A. Butman. Different Methods of Testing 
Electrical Porcelain. Electric Journal, Vol. 12, p. 282, 1915. 

L. E. Imlay and P. H. Thomas. High-Frequency Tests of Line 
Insulators. A. I. E. E. Transactions, Vol. 31, p. 2233, December, 1912. 

4. F. W. Peek, Jr. The Effect of Transient Voltages on Dielectrics. 

A. I. E. E. Transactions, Vol. 34, p. 1695, September, 1915. 
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The relation of his experimental work on transient voltages 
to the subject of lightning protection was discussed by Peek in 
a later paper 5 . In this paper he indicates the desirability of a 
low impulse ratio in a lightning arrester gap and shows the 
superiority of the sphere gap as a protective device, over the 
simple horn gap usually employed in connection with high- 
voltage arresters. 

Protection Against Impulse Voltages 

The papers referred to above have resulted in a great advance 
towards the solution of the problems involved in securing ade¬ 
quate protection against line disturbances of steep wave front. 
By the simple expedient of using a lightning arrester gap having 
spherical electrodes, the operating man may be perfectly sure 
that the voltage to ground at the point at which the arrester is 
installed will never appreciably exceed the 60-cycle discharge 
voltage of the gap. This is a great step in advance, but the 
question at once arises: Does it give the best possible protection 
against steep wave fronts? In this connection it must be pointed 
out that the danger to apparatus from an impulse voltage may 
be all out of proportion to the actual magnitude of the impulse. 
Consider, for example, a transformer winding designed for 50,000 
volts. If 100,000 volts, at normal frequency, be applied to the 
winding the stresses on the insulation will only be doubled. 
But, on the other hand, if a high-frequency impulse of 100,000 
volts be applied, the stresses on certain parts of the insulation 
may be many times normal because of the “piling up” of the 
steep wave front on the end turns of the winding. Conse¬ 
quently, if we are to protect the winding by means of a spark 
gap shunting it, the gap should be selective in its action; i.e ., 
it should discharge a high-frequency impulse at a lower voltage 
than an abnormal e.m.f. of line frequency. 

The need for the selective action referred to above is empha¬ 
sized by a consideration of the possible combinations of a high- 
frequency impulse with the normal line-voltage wave. Let us 
consider the three combinations shown in Fig. 1, and their 
effect on a winding protected by a gap. 

Case A.—Impulse Occurring at Zero Point of Line E.M.F. 
Wave. In this case the presence of line voltage does not affect 
the action of the impulse. The insulation stresses in a winding 

5. F. W. Peek, Jr. Lightning, General Electric Review , Vol. 19, p. 586, 
July, 1916. 
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and the discharge characteristics of a gap protecting the winding 
will be the same as if the impulse alone were applied. 

Case B —Impulse Occurring at the Peak of the Line E.M.F. 
Wave and Adding Thereto. In this case the total e.m.f. im¬ 
pressed on the gap and tending to discharge it is equal to the 
sum of the line voltage and the impulse voltage. The insulation 
stresses between turns of the winding, on the other hand, are 
largely dependent on the value of the impulse alone, since line 
frequency does not cause a high voltage between turns. It 
would appear that, in this case, the gap affords a better protection 




Case B Case C 

Fig. x—I mpulse Voltages Superimposed on 60-Cycle Waves 

than in Case A. For example, suppose the gap to be set at 
double line-voltage. In Case A, an impulse of double line- 
voltage may be impressed on the winding without the gap 
functioning, while in Case B the maximum impulse that can be 
applied to the winding without causing the gap to discharge is 
just equal to line voltage. 

Case C.—Impulse Occurring at the Peak of the Line E.M.F. 
Wave and Subtracting Therefrom. In this case it is obvious that 
the gap furnishes much less effective protection than in the 
preceding two cases. A very considerable impulse voltage may 
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be impressed on the winding without causing any rise in voltage 
across the gap. The presence of the line-frequency wave pre¬ 
vents the impulse from causing a rise in voltage across the gap 
but does not prevent the full destructive effect of the impulse 
from being felt by the winding. Assuming, once more, that 
the gap is set at double line voltage, it will be seen that an impulse 
of double line voltage may be applied without causing any 
rise whatever in the voltage across the gap, while it will require 
an impulse of three times line voltage to cause the gap to discharge. 

The fact that such a condition is possible has not been generally 
appreciated, although it is clear that it may be a source of 
grave danger. Adequate protection against such a combination 
of high-frequency and line-frequency demands the use of a gap 
which is highly sensitive to steep wave fronts. It is true that, 
if the impulse is oscillatory, the second half-cycle may cause an 
ordinary gap to discharge, but such a discharge is too late to 
protect the winding against the destructive effects of the first 
half-cycle of the impulse. 

The Impulse Protective Gap 

A rather extensive experimental investigation of impulse 
phenomena has lead to the development of a new type of gap 
for lightning arrester service, which possesses in a marked degree 
the selective properties referred to in the preceding discussion. 
This gap has been termed the “impulse protective gap” because 
of its particular effectiveness in discharging line disturbances of 
steep wave front. The general principle underlying the action 
of the impulse gap is comparatively simple. In its most ele¬ 
mentary form it consists of two gaps in series, each gap being 
shunted by a relatively high impedance. At line-frequency 
these impedances are proportional to the respective discharge 
voltages of the gaps which they shunt, but they are designed to 
change at different rates with changes of frequency so that, 
under the action of a high-frequency impulse, one of the im¬ 
pedances becomes much greater than the other and causes most 
of the high-frequency voltage to be impressed on one of the gaps. 
The breakdown of this gap will result in the total voltage being 
impressed on the remaining gap, which will break down in 
turn. 

Fig. 2 is a diagrammatic representation of a gap constructed 
according to the above principle. One of the two equal gaps, 
g and g', is shunted by a condenser C and the other by an equal 
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condenser C and an inductance L. At line-frequency, the induc¬ 
tive reactance of L is inappreciable compared with the condensive 
reactances and, therefore, causes no unbalance in the voltage 
across the two gaps. To a high-frequency impulse, however, 
the condensers offer very little impedance and most of the 
high-frequency voltage appears across the inductance L and 
thus across the gap g. Discharge of the gap g is, in general, 
immediately followed by a discharge across g f . 

It has been found by experiment that better results are 
obtained by using a single gap, having an intermediate electrode, 
rather than two distinct gaps. Fig. 3 shows a number of dif¬ 
ferent gaps constructed in this manner. A shows a horn gap 
having an auxiliary electrode mounted midway between the 
horns. The auxiliary electrode is connected to one of the horns 
through a condenser C' and to the other through a condenser 
C and an inductance L. The action is similar to that of the 
gap shown in Fig. 2. 

In place of the reactance A, 
a resistance may be employed, 
as shown in Fig. 3b. This is the 
preferred form of gap, from a 
commercial standpoint, since 
the inductance used in A must 
necessarily be quite bulky, un¬ 
less condensers of unreasonably high capacity be employed. 
With the structure shown in B , it has been found possible to 
secure excellent results with capacities as low as 10 -u farads. 

Fig. 3c shows another form in which a reactance coil is used 
as an auto-transformer to produce a larger voltage between the 
auxiliary electrode and the main horn than is produced by the 
simple reactance shown in A . 

Fig. 3d shows another modification, in which two intermediate 
electrodes are employed. R\ is of greater resistance than R* 
so that a high-frequency impulse causes the right-hand gap to 
break down first, followed successively by the two others. For 
extremely long gaps it is probable that this form would give 
better results than B , but for commercial voltages it has been 
found possible to secure a gap of ample protective power by 
using but one auxiliary electrode. 

Preliminary tests were made on a number of different gaps 
similar to those shown in Fig. 1. The early experiments included 
tests to determine the effect of different shapes of electrodes, 



Fig. 2 
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both for the main horns and for the auxiliary electrode. The 
results of these preliminary experiments indicated that the scheme 
shown in Fig. 3b was the most promising for commercial 
development. A wire of small diameter (practically a pointed 
electrode) was found to be most satisfactory for the auxiliary 
electrode. The pointed auxiliary electrode gave results so much 
superior to a spherical or cylindrical electrode that further 
experiment with these latter forms was dropped. 

As a result of these preliminary experiments it was decided 
to make complete tests on the two forms shown in the illustra¬ 
tions, Fig. 4 and Fig. 5. These two gaps differed only in the 
shape of the horn electrodes. The gap shown in Fig. 4 had 
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Fig. 3—Impulse Protective Gaps 


plain horn electrodes made of 3/8-in. (0.95-cm.) diameter brass 
rod, while the other gap had brass hemispheres 6.25 cm. in 
diameter clamped to the horns, this presenting spherical dis¬ 
charge surfaces. In both gaps, the auxiliary electrode consisted 
of a blunt point of copper wire 0.025 in. (0.064 cm.) in diameter. 
During the tests, each horn was supported on a pillar insulator 
composed of three porcelain insulator units. These pillars 
rested on a wooden table which brought the gap to a height 
of about 5 ft. (1.5 m.) above ground. The porcelain units 
composing the pillars were of special design, having an unusually 
high electrostatic capacity, approximately 2 X 10 -10 farads. 
Two of these units in series were used as the condensers between 
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the auxiliary electrode and each of the horns (corresponding to 
C and C f in Fig. 3b). A water tube was used for the resistance. 
In most of the tests its value was approximately 100,000 ohms. 

Test Methods 

The method employed in obtaining impulse voltages of pre¬ 
determined characteristics was practically identical with that 
described by Peek in his 1915 paper. 6 Fig. 6 shows a'diagram of 
connections. When the voltage of the transformer T is grad¬ 
ually raised, the sphere gap G r will eventually discharge. At 
this instant, the condenser C is charged up to the breakdown 
voltage of the gap. When G r breaks down, the condenser dis¬ 
charges through the inductance L and the resistance R. The 
wave form of this discharge current may be accurately calculated 
from the values of L, R and C. The shape of the voltage wave 
across R is, of course, identical with the shape of the current 



Fig. 6—Connections for Impulse Tests 


wave. The gap G under test is connected across the resistance 
R. A sphere gap G m is also connected across R in order to obtain 
a direct measurement of the impulse voltage. The voltage of 
the impulse applied to the gap under test may be varied by 
changing the setting of the gap G r . For a more complete dis¬ 
cussion of this method of obtaining impulses the reader is referred 
to Peek’s paper. 

The wave adopted as a standard for these tests was a critically 
damped impulse having a wave front corresponding to a 500,000- 
cycle sine wave. This wave is shown in Fig. 7. The constants 
of the oscillating circuit used in producing this impulse were 
approximately, C = 10~~ 9 farads, L = 0.25 millihenrys and 
R = 1000 ohms. 

The procedure adopted in making the tests was as follows: 
First, the gap under test was adjusted to the desired setting. 


6. Loc. cit. 4. 
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Then successive impulses were applied at intervals of from 15 
to 30 seconds and the gap G r adjusted until a setting was found 
at which about 50 per cent of the impulses would discharge 
across the gap being tested. Then the measuring gap G m was 
adjusted until the impulse discharges were shared equally by it 
and the gap under test. The setting of Gm that fulfilled this 
condition was taken as a measure of the impulse discharge voltage 
of G. Thus it will be seen that the impulse discharge voltage 
of the gap under test was in every case determined by direct 
comparison with a sphere gap. 



Fig. 7—500,000-Cycle Critically Damped Impulse Wave 


The circuit used in testing the effect of an impulse voltage 
superimposed on a 60-cycle wave is shown in Fig. 8. Two high- 
tension transformers Ti and Tq are employed. These trans¬ 
formers are excited from the same 60-cycle supply circuit. 2"i 
applies a 60-cycle voltage to the gap while T 2 excites the impulse 
circuit which comprises a condenser C , an inductance L and a 
resistance R. As in Fig. 6, G r is a spark gap used to regulate the 
impulse voltage. A condenser K of relatively large capacity is 
connected across the transformer Ti external to the protective 
reactance L p . This condenser presents a ^negligible impedance 
in comparison with the impedances shunting the gap G, so the 
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full value of an impulse voltage across the resistance R may be 
regarded as being impressed on the gap under test. If the 
voltage of the transformer T 2 be slowly raised, the impulse re¬ 
sulting from the discharge of G r will occur at the peak of the 60- 
cycle wave. By proper selection of the relative polarities of T i 
and r 2 this impulse may be made to add to, or subtract from, the 
60-cycle wave produced by Ti, thus giving a resultant voltage 
wave, impressed on* the gap G , similar to B or C in Fig. 1. 

In making tests with the outfit described above, the voltage 
of Ti was first set at the desired value. This voltage was care¬ 
fully determined by means of a sphere gap, since the presence of 
the condenser K caused the terminal voltage of Ti to be con¬ 
siderably above the value determined from transformer ratio. 
Then successive impulses were applied and, as before, a setting 
of G r was found which would cause about 50% of the impulses 
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Fig. 8—Connections for Applying Impulse Voltage Superimposed 

on 60-Cycle Wave - 


to break down the gap G. When testing the effect of the wave 
shown in Fig. 1 b, where the impulse adds to the 60-cycle wave, 
the measuring gap G m was connected in parallel with the gap 
under test and a direct comparison obtained between the two. 
In testing case G, where the impulse subtracts from the 60- 
cycle wave, the value of the impulse voltage was computed 
from the setting of G r and checked by an occasional measure¬ 
ment with a sphere gap connected across the resistance R. 

The 60-cycle discharge voltage of the gaps tested was deter¬ 
mined in the usual way by comparison with a standard 25-cm. 
sphere gap. 

Results of Impulse Tests 

The first series of experiments undertaken was for the pur¬ 
pose of determining the effect of the presence of the auxiliary 
• electrode on the 60-cycle discharge voltage of the two forms of 
gap tested. Careful tests were made at gap settings ranging 
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from l A in. (1.27 cm.) to 3 in. (7.6 cm.). The results of these 
tests indicated that the presence of the auxiliary electrode does 
not appreciably lower the 60-cycle discharge voltage. With the 
auxiliary electrode in place, breaks were somewhat less consistent 


TABLE 1. IMPULSE PROTECTIVE GAP 
3/8-in. Diameter Horn Electrodes. 


Gap 

setting.' 

inches 

60-Cycle 
discharge, 
kv. max. 

. 

500,000 Impulse 

. 

■ 

Impulse 

ratio 

Discharge 
one side only 
kv. max. 

Discharge 
both sides 
kv. max. 

0.5 

37 

16 

16 

0.45 

1.0 

60 

% 28 

28 

0.47 

1.5 

73 

40 

40 

0.55 

2.0 

81 

53 

55 

0.68 

2.5 

88 

- 67 

73 

0.83 

3.0 

93.5 

80 

--- % 

84 

1 

0.90 


than with the plain gap, but the irregularities were not of suffi¬ 
cient magnitude to indicate an appreciable lowering of the break¬ 
down voltage. 

Preliminary tests with impulse voltages were then made in 


TABLE II. IMPULSE PROTECTIVE GAP 
6.25-Ctn. Spherical Electrodes Mounted on Horns. 


Gap 

setting. 

inches 

60-Cycle 
discharge, 
kv. max. 

500,000 Impulse 

Impulse 

ratio 

Discharge 
one side only 
kv. max. 

Discharge 
both sides 
kv. max. 

0.5 

39 

12.5 

12.5 

0.31 

1.0 

71 

30 

30 

0.42 

1.5 

99 

47 

49 

0.50 

2.0 

121 

60 

65 

0.54 

2.5 

137 

74 

82 

0.60 

3.0 

147 

85 

93.5 

0.64 


order to determine the best values for the capacitances and 
resistances used in the circuits connecting the auxiliary electrode 
with each horn. The results of these experiments showed that 
the capacitances and resistances could be varied through wide 
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limits without affecting the impulse discharge voltage. The 
values of the capacitances employed in the succeeding experi¬ 
ments were, therefore, largely determined by convenience. In 
practically all the experiments discussed in the following pages, 
the condenser connected between the auxiliary electrode and 
each horn had a capacity of approximately 10 -10 farads. As 
previously stated, each of these condensers consisted of two 
pillar-type porcelain insulator units in series (see Figs. 4 and 5). 
Using capacitances of the value given above, tests made with 



Diameter Horn Electrodes 

resistances varying from 50,000 ohms to several megohms show¬ 
ed no variation in the impulse discharge voltage of the gap. 
Accordingly, 100,000 ohms was selected as a convenient value of 
resistance to use in the remainder of the tests. This resistance 
is high enough to cause a very great unbalance in the voltage 
across the two sides of an impulse gap under the action of high 
frequency, and, on the other hand, is low enough to present a 
negligible impedance to 60-cycles in comparison with the capaci¬ 
tances employed. 
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Having decided on the constants given above, the two forms 
of impulse protective gap shown in Figs. 4 and 5 were tested for 
both 60-cycle breakdown and 500,000-cycle impulse breakdown, 
with various gap settings ranging from y 2 in. (1.27 cm.) to 3 in. 
(7.6 cm.). The results of these tests are given in Tables I and II. 



p IG> io —Discharge Curves of Impulse Protective Gap 6.25-cm. 
Spherical Electrodes Mounted on Horns 


It will- be noted that, under the heading “500,000 cycle impulse 
discharge voltage”, there are two columns, one giving the im¬ 
pulse voltage which would discharge across one side of the gap 
only, and the other giving the impulse voltage required to cause 
a discharge across the whole gap. For small gap settings the 
difference between, these two voltages was found to be too small 
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to measure; that is to say, successive applications of an impulse 
of just sufficient voltage to cause an occasional discharge, re¬ 
sulted in part of the discharges being across the whole gap and 
part of them being between the auxiliary electrode and one horn 
only. In computing the impulse ratio, given in column 5, the 
value of the impulse voltage required to discharge across both 
sides of the gap wms used. This value of the impulse discharge 
voltage was also used in all the curves given hereafter except 
where the contrary is specifically stated. 



60~ DISCHARGE VOLTAGE KV. - (MAX.) 

Fig. 11— -Curves Showing Relation Between 60-Cycle Discharge 
Voltage and 500,000-Cycle Impulse Discharge Voltage 

The data given in Tables I and II are presented graphically 
in Figs. 9 to 12 inclusive. Figs. 9 and 10 give the 60-cycle and 
impulse discharge voltages as a function of gap setting for the 
two forms of gap shown in Figs. 4 and 5 respectively. It will be 
seen that in every case the impulse discharge voltage is less than 
the 60-cycle breakdown, indicating an impulse ratio of less than 
unity. In Fig. 11, the impulse discharge voltages are plotted 
against the 60-cycle discharge for the two forms of impulse gap 
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and for the plain sphere gap. Fig. 12 shows the impulse ratio of 
the two gaps as a function of gap setting. It will be noted that 
with the form of gap having the plain horn electrodes, the im¬ 
pulse ratio increases rapidly with the larger gap settings and will 
probably become higher than unity for gap settings much in 
excess of 3 in. (7.6 cm.). Where spherical electrodes are used, 
it is evident from the curves that the impulse ratio will remain 
well under unity even for gap settings considerably greater than 
3 in. The reason for the superiority of the gap equipped with 



GAP SETTING - INCHES 

Fig. 12 —Impulse Protective Gaps—Impulse Ratio as Function of 

Gap Setting 

spherical electrodes may be made clear by reference to Figs. 9 
and 10. By comparison of these curves it appears that, for a 
given gap setting, the impulse discharge voltages of the two gaps 
do not differ greatly. That is to say, a very great change in the 
shape of the main electrodes does not affect the impulse dis¬ 
charge voltage to a corresponding degree. We know, however, 
that the shape of the main electrodes will very materially modify 
the 60-cycle discharge. In view of these facts it is obvious that 
the lowest impulse ratio will be obtained by so shaping the main 
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electrodes as to give the highest possible 60-cycle breakdown 
voltage. This condition is approximated with spherical elec¬ 
trodes. 

A consideration of the foregoing results seems to lead to the 
conclusion that the impulse gap has great possibilities as a pro¬ 
tective device. In themselves, however, these results are by no 

TABLE III. IMPULSE PROTECTIVE GAP 

3/8 in. Diameter Horn Electrodes 
Gap Setting, \y 2 in. (3.8 cm.); 60-cycle Discharge 73 kv. max. 


Impulse applied 
kv. max. 

Equivalent Sphere gap 

cm. 

kv. max. 

40 

1.30 

40 

47 

1.45 

43.5 

57 

1.55 

46 

82 

1.63 

48 

100 

1 75 

51 


means conclusive. The action of the new gap under more 
adverse conditions must be studied before its protective value 
can be regarded as definitely established. While it has already 
been shown that the impulse-gap will discharge a much lower 
impulse voltage than a sphere gap having the same 60-cycle 
discharge, there remains the possibility that the gap may exhibit 

TABLE IV. IMPULSE PROTECTIVE GAP 

6.25 Cm. Spherical Electrodes Mounted on Horns. 

Gap Setting, 1 in. (2.54 cm.); 60-cycle Discharge, 71 kv. max 


Impulse applied 
kv. max. 

- - -. 

Equivalent sphere gap 

cm* 

kv. max. 

! 30 

0.95 

30 

45 

1.05 

32.5 

71. 

1.15 

35 

86 

1.20 

37 

100 

1.20 

37 


large time lag when an impulse considerably in excess of its dis¬ 
charge voltage is applied, thus permitting the voltage to rise to a 
dangerous value before discharge takes place. This condition 
was tested by determining the “equivalent sphere gap” of an 
impulse gap subjected to a transient voltage greater than its 
discharge voltage. The results of two series of tests made are 
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given in Tables III and IV and in the curves in Figs. 13 and 14. In 
obtaining the above results a sphere gap was connected in 
parallel with the impulse gap under test. Then a setting of the 



40 50 60 70 80 90 100 110 

IMPULSE APPLIED KV. - (MAX.) 

Fig. 13 —Showing Effect of Impulses Higher Than the Impui.se. 

Discharge Voltage of the Gap 



IMPULSE APPLIED KV. - (MAX.) 

Fig. 14 —Showing Effect of Impulses Higher Than the Impulse 

Discharge Voltage of the Gap 

sphere gap was found that would permit the two gaps to share 
the discharges equally when a given impulse voltage was applied. 
If we assume the time lag of the sphere gap to be negligible, this 
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“equivalent sphere gap” setting is a measure of the actual voltage 
to which the impulse gap permits an impulse of super-discharge 
voltage to rise. Figs. 13 and 14 show that the two forms of 
impulse gap do permit some rise in voltage above the minimum 
impulse discharge value, but this rise is not of sufficient magni- 



Fig. 15— Tests on Impulse Protective Gap With Sphere Electrodes 
Showing Effect of Impulses of Different Frequencies 

tude to cut down seriously the degree of protection afforded. 
Even with an impulse applied, having a value of three times the 
minimum discharge voltage, breakdown occurs at very much less 
than the 60-cycle discharge voltage. 

In addition to the above tests, it was thought desirable to 
undertake further experiments to determine the discharge char- 
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acteristics of the impulse gap with frequencies of other than 
500,000 cycles. Fig. 15 shows the results of some of these tests. 
It will be seen that the impulse discharge voltage increases 
slightly with increasing steepness of wave front applied. This 


table v. 

Impulse Protective Gap with f-in. diameter Horn Electrodes 
Tests with 500,000 Impulse Superimposed on 60-Cycle Wave 


Gap 

setting. 

Inches 

60-Cycle 
discharge, 
kv. max. 

60-cycle 
voltage 
applied, 
kv. max. 

Impulse required 
to cause discharge 

Equivalent 
line voltage 
kv. r. m. s. 

Case B 
kv. max. 

Case C 
kv. max. 

1.0 

60 

30 

9 

30 

36.5 

1.5 

73 

36.5 

16 

45 

44.5 

2.0 

81 

40:5 

20 

52 

49.5 

2.5 

88 

44 

40 

71 

54 

3.0 

93.5 

47 

41 

90 

57 


increase in discharge voltage with increasing frequency is not 
very great, so it was not deemed necessary to make a complete 
series of tests at other than 500,000 cycles. It is a reasonable 
assumption that the tests made at this latter frequency will 
represent a fair average value of the discharge characteristics of 

TABLE VI. 


Impulse Protective Gap with 6.25 cm. Spherical Electrodes 
Tests with 500,000 Impulse Superimposed on 60-Cycle Wave 


Gap 

setting. 

Inches 

60-cycle 
discharge, 
kv. max. 

60-cycle 
voltage 
applied, 
kv. max. 

Impulse required 
to cause discharge 

Equivalent 
line voltage 
kv. r. m. s. 

Case B 

kv. max. 

. 

Case C 
kv. max. 

1.0 

71 

36 

9 

32 

44 

1.5 

99 

49.5 

18 

47 

60.5 

2.0 

121 

60 

22 

68 

73.5 

2.5 

137 

68 

32 

84 

83 

3.0 

l 

147 

73 

45 

1 96 

1 

89 


the, gap under the action of high-frequency transients liable to 
occur in practise. 

Results of Tests 

Impulse Voltages Superimposed on 60- Cycle Wave 

In making tests with an impulse voltage superimposed on a 60- 
cycle wave, the 60-cycle voltage applied was equal to one-half 
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the discharge voltage of the gap. With this 60-cycle voltage 
applied, the value of the impulse voltage required to cause dis¬ 
charge was determined both for an impulse adding to the 60- 
cycle wave and for an impulse subtracting therefrom. This 
test may be regarded as closely simulating conditions that may 
actually occur in practise. Having the gap set for a discharge 
voltage equal to double the 60-cycle voltage applied, was taken 
as a fair approximation of the usual practise with regard to the 
setting of lightning arrester gaps. 

The results of the tests made are given in Tables V and VI. 



Fig. 16—Tests on Impulse Protective Gap With Plain Horn 
Electrodes Showing Effect of Impulses Superimposed on 60-Cycle 
Wave—Gap Set at Twice 60-Cycle Voltage to Ground 

In column 3 are given the real peak values of the 60-cycle voltages 
applied at the different gap settings. This is, of course, equiv¬ 
alent to the peak value of voltage from one line to ground, which 
is applied to a lightning arrester gap in service. In order to 
form a more convenient basis for correlating the test results with 
service conditions, the root-mean-square value of the three- 
phase line voltage, equivalent to this peak voltage to ground, is 
given in the last column. Figs. 16 and 17 show, graphically, the 
impulse voltage required to cause discharge, as a function of this 
equivalent line voltage. The curves given for Case A are taken 
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from the results, given in Tables I and II, for the impulse voltage 
alone. It is interesting to note that, for both forms of impulse 
gap, the results for Cases A and C are practically identical. In 
addition to the curves for the impulse gaps, the characteristics 
of a plain sphere gap are shown for purpose of comparison. The 
curves for the sphere gap are computed, assuming an impulse 
ratio of one. It might be stated here that actual tests on a 



LINE VOLTAGE KV. R. M. S.> 

Fig. 17—Tests on Impulse Protective Gap with Spherical 
Electrodes Showing Effect of Impulse Voltage Superimposed on 
60-Cycle Wave—Gap Set at Twice 60-Cycle Voltage to Ground 

sphere gap subjected to an impulse subtracting from a 60-cycle 
wave (Case C) closely checked the computed curves given. 

Figs. 16 and 17 are particularly effective in showing the very 
superior protection afforded by the impulse protective gap when 
subjected to an impulse subtracting from the 60-cycle wave 
(Case C). For example, on a 66,000-volt line an impulse pro¬ 
tective gap would discharge such au impulse having a value of 
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but 56 kv. max. (See Fig. 16), while a plain sphere gap would 
require an impulse of 161 kv. max. to cause a discharge under 
the same conditions. 

Conclusion 

The conclusions arrived at from the foregoing experiments 
may be summarized as follows: 

1. In order to secure adequate protection against line dis¬ 
turbances of steep wave front, it is important that a protective 
gap having the lowest possible impulse ratio be used. A gap 
having an impulse ratio of less than unity is particularly desir¬ 
able. 

2. There are certain combinations of a high-frequency im¬ 
pulse with a wave of line frequency for which the degree of pro¬ 
tection afforded by an ordinary spark gap is greatly lessened. 
The need for a protective gap having selective properties, render¬ 
ing it sensitive to steep wave fronts, is emphasized by these 
conditions. 

3. A protective gap, having a selective discharge for steep im¬ 
pulses, may be constructed without greatly complicating the 
usual horn gap structure. 

4. E xha ustive tests of such a gap have shown it to be superior 
to the ordinary sphere gap under all conditions. Even under 
the most unfavorable conditions the new gap gives a high degree 
of protection. 
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Discussion on “Lightning Arrester Spark Gaps—Their 
Relation to the Problem of Protecting Against 
Impulse Voltages” (Allcutt), Atlantic City, N. J., 
June 27,1918. 

Paul M. Lincoln: In the design of lightning arresters, we 
must recognize two distinct functions. First is the necessity 
of discharging the surges which come in from outside sources. 
They must be taken care of, and discharged through a path where 
they can do no harm instead of being allowed to go through 
apparatus where their discharge may result in disaster to the 
apparatus; that is one function. The second function is to 
let go of the dynamo current after it has started through the 
lightning arrester. 

This piece of analysis apparatus proposed by Mr. Alcutt I 
want to point out, is of advantage on both of these scores. First, 
it allows a setting of the arrester gap which will permit the 
surges of lower value to go through and second, it allows the 
spacing of the horns to be increased, so that if the dynamo 
current of the order of 60 cycles or so starts through the lightning 
arrester, the dynamo current will let go easier; that is, the 
spacing of the horn gaps is permitted to be larger for the fre¬ 
quencies of the dynamo current. Therefore for both of these 
functions the suggestion put forth in this paper is of very mater- 
13/1 assistance 

F. W. Peek, Jr.: Before discussing directly Mr. Allcutt’s 
results, I will briefly review some of my own work which has 
a bearing on this paper; this review will, I hope, make clearer 
what I have to say in the direct discussion. 

The over-voltages that cause insulation failures in practise 
may be divided into three classes: 

1. Gradual increase of voltage on the line, due to static or 
low-frequency surges. Such gradually applied voltages readily 
discharge over an arrester gap. 

2. Very high-frequency oscillations of voltages too low for 
any gap arrester to discharge, but which may cause very high 
internal voltages in apparatus. 

3. The form of over-voltage with which we are at present 
concerned,—lightning impulses of very steep wave front, when 
the voltage across the apparatus increases from normal to a 
very high value in perhaps a millionth of a second. 

In 1913 I became interested in determining means of pro¬ 
ducing impulses of known wave shape and voltage, and in 
measuring impulse voltages. This work was stimulated. by 
lightning troubles that I was asked to investigate on the lines 
of one of the large operating companies. In this particular 
case certain switch bushings with a 60-cycle arc-over voltage 
of about 100 kv. were protected by aluminum arresters with 
horn gaps set at about 50 kv., 60 cycles. Lightning always 
arced over the bushings, and never, arced over the arrester 
gaps. The 60-cycle arc-over voltage of a gap or insulator was 



856 


LIGHTNING ARRESTER GAPS 


[June 27 


evidently no criterion of the lightning arc-over voltage. It 
was obvious that a lightning arrester gap should be designed, 
if possible, for a low lightning arc-over voltage, and insulators 
and apparatus for a high lightning arc-over voltage. This 
difference between the lightning and 60-cycle arc-over voltage, 
illustrated by the above practical case was caused by the “lag” 
of the gap. 

It had long been known that there was some sort of a time 
lag between the application of voltage and the discharge of a 
gap, and an interesting paper by Hayden and Steinmetz showed 
that energy was necessary. The importance of the shape of 
the electrode on the arc-over voltage was however not suspected. 
Lightning arresters were, in fact, at that time given the E. N. G. 
or equivalent needle gap test. That the needle gap was just 
the wrong one to use will appear later. There were no definite 



Pig. 1—-Diagrammatic Illustration of Why the “Lightning” or 
Impulse Spark-over Voltage is Higher than the Continuously 

Applied 

f. 

data in regard to time, the reason being that there was no gen¬ 
erator for producing known impulses or a means of measuring 
them. 

From theoretical considerations it seemed to me that the 
lag or time to break down a gap should depend upon the di¬ 
electric field and, therefore, upon the shape and spacing of the 
electrodes. A gap of a shape and spacing to cause a uniform 
field should be “fast”; a gap producing a non-uniform field 
should be slow, for reasons that will be given later. A sphere 
gap should, therefore, be fast, and a needle gap slow. Time 
lag manifests itself by an increase in the arc-over voltage as 
the rate of application of or steepness of the wave front is in¬ 
creased. The mechanism of breakdown is as follows: 

When a 60-cycle voltage is slowly applied to a gap, and 
gradually increased, spark-over will occur at some definite 
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voltage. This is the minimum voltage that will cause suffi¬ 
cient ionization for the gap to discharge, and it requires a rela¬ 
tively long time. 

Lightning voltages, or voltages of steep wave front, start 
at zero, or line voltage, and increase at the very rapid rate of 
millions or billions of volts per second. When such a voltage 
is applied across a gap or insulator, spark-over does not occur 
at the instant the minimum or 60-cycle spark-over voltage is 
reached as a considerable time is required at this voltage. 
When this voltage is reached, the spark begins to form but is 
only completed after the rapidly rising voltage has reached 
some higher value. The slower the gap the higher the voltage 
will rise. (See Fig. 1.). In a uniform field break-down takes 
place over a relatively short path everywhere at the same 
time. In the case of a non-uniform field represented, for in¬ 
stance, by the needle gap, corona forms around the electrodes 
before arc-over. A vast amount of air must be ionized. The 
condition is equivalent to putting the corona or arc resistance 
in series with an ever increasing capacity represented by the 




Fig. 2—Diagram Illustrating Spark Formation on Spheres and 

on Points 

unbroken dielectric. Time is thus required to bring all of the 
space between the electrodes up to the breakdown gradient. 
(See Fig. 2). 

In order to illustrate this theory experimentally, the sphere 
horn was devised. The original sphere horn shown in Fig. 13 
was built in March 1914. The first tests were made with an 
oscillator, this oscillator did not give any definite or known 
wave shape, but illustrated the principle. 

It was realized that in order to make any progress a syste¬ 
matic experimental investigation, to supplement the theoretical 
one, was necessary. It was only possible to get definite results 
by means of an impulse generator giving waves of known volt¬ 
age, wave front, shape, duration, etc. Such a generator was 
designed and built, and made definite data possible. The 
results of this investigation were published by the A. I. E. E. 
in 1915.* A few of the laws resulting are as follows: 

1. Two gaps, or insulators, with equal 60-cycle spark-over 

*F. W. Peek, Jr. “The Effect of Transient Voltages on Dielectrics.’*. 
Trans. A. I E. E. Aug. 1915. Vol. XXXIV., Part II, p. 1857. 

F. W. Peek, Jr., “Lightning,” G. E. Review , July 1916. 



858 


LIGHTNING ARRESTER GAPS 


[June 27 


voltages, may have entirely different lightning or impulse spark- 

over voltages because of*the time lag. 

2. The time lag is greatest in a non-uniform field or tor 



Approximate Single Half Sine Wave Impulse (Only First Half of 
the Wave Need be Considered as the Voltage is Comparatively 

Low After the First Crest) 



' Pggga W a a u •* ntaS* 
T/m* in Micro-seconds 


Fig. 3- 


-Impulse with Steep Front but of Comparatively Long 

attont 


electrodes and a gap setting where corona precedes arc-over; 

it is minimum for a uniform field. . 

3. The time lag for any given electrodes and spacing is not 

constant, but depends upon the steepness of the wave or the 



p IG . 4 —Continuously Applied and Impulse Voltages to Just Cause 
Spark-Over of a 10-cm. Gap Between Needles 

rate at which the voltage is applied.. The arc-over voltage 
increases and the time lag decreases with increasing steepness 
of wave front. The ratio of the 60-cycle to. the impulse spark- 
over voltage was termed the “impulse ratio. 
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Some of the other interesting facts noted were : 

The impulse spark-over voltage, ufilike the 60-cycle spark- 
over voltage, of an insulator or gap is not greatly affected by 
rain. Wet and dry insulations have practically the same im¬ 
pulse breakdown strength. The corona starting point is practi¬ 
cally the same for impulse voltages as it is for operating voltages. 
When two fast gaps are placed in series there is appreciable lag 
unless the arrangement is such that both gaps spark-over 
simultaneously. Corona produced by voltages lasting less then 
a micro-second can be quite readily seen. In some tests, volt¬ 
ages were used of such a steep wave front that a “drop” of 25 
kv. was obtained over a 2-in. copper tube a yard long. Figs. 3 
to 8 give some actual curves obtained in the tests. 



Fig. 5—Needle Gap Spark-Over Fig. 6—Sphere-Gap Spark- 
Curves for 60 Cycles and for Im- Over Curves for 60 Cycles 
pulse Waves Nos. 1 and 2 Shown and for Impulse Waves Nos. 
in Figs. 3 and 4 1 and 2, Shown in Figs. 3 and 

4 (Drawn Curve 60 Cycles— 
Points, Waves Nos. 1 and 2 ) 


# It will be of interest to take a specific example to illustrate 
time lag: 

At 10 cm. spacing between needle gaps, the 60-cycle spark- 
over voltage is 75 kv.; the impulse spark-over voltage for a 
given wave is 180 kv.; the time lag is of the order of 0.5 micro¬ 
seconds. For spheres set at 75 kv., 60 cycles, the spark-over 
voltage for this impulse is 75 kv. and the time lag is so small 
it’ cannot be detected, it is probably from 0.001 to 0.0001 that 
of a needle. 

Referring to the special form of sphere-horn gap which is 
the subject of Mr. Allcutt’s paper: 

During my early work I found that while the 60-cycle and 
impulse spark-over voltages of a sphere gap were approximately 
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equal, the impulse spark-over voltage of two spheres in series 
was much higher than "the 60-cycle spark-over voltage. t 

In other words, there was no measurable lag for a single 
sphere gap, but considerable lag when two sphere gaps were placed 
in series. The reason for this is that the two gaps do not break 
down simultaneously unless the voltage divides between them 
in proportion to their respective strengths. _ One gap sparks 
over and puts the resistance of its arc in series with the other 
gap. The resistance of an arc depends upon the current flowing 
in the arc. The resistance remains high because the current 
is limited by the capacity of the sphere that has not yet broken 
down. Time is required to charge this capacity up to break¬ 
down voltage through the resistance. This can be illustrated 

by experiment. . . 

I found that this time lag could be eliminated if the gaps 



Fig. 7—Time and Voltage to Sparic-Over Needle Gaps (Sine Wave 

Impulse) 

were made to divide their voltages in proportion to their re¬ 
spective strengths so that simultaneous arcs occurred over both 
gaps and thus acted as a single arc, as in a uniform field. 

In the gap shown by Mr. Allcutt, the division of voltage 
is not greatly affected under ideal conditions at 60 cycles by 
the auxiliary electrode. The auxiliary electrode is held at 
mid-potential because it is connected at the mid-point between 
the two equal condensers. (See Fig. 9). The capacity ^ current 
is too small at 60 cycles to cause any appreciable “drop” across 
the resistance. If the condenser circuit were opened on one 
side, the gap on that side would break down at 60 cycles at about 
half voltage. This is exactly what happens under impulse. 

For steep wave fronts.the resistance has the effect of opening 

the condenser circuit on that side. (See Fig. 10). The gap 
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on that side breaks down. The voltage does not immediately 
disappear across the arc. The gap has lag. Corona precedes 
spark-over. The complete spark-over voltage is higher. 
Whether it is above or below the 60-cycle setting depends upon 
the impulse. The effect is the same as that which would re¬ 
sult from a needle gap which could be set at, for instance, 


5pork- oyer 
tfitofo/ts max 60~ 


S,6 cm. 


J5pGrfa0Y?rImpu*$?b 

H'/Iov'oJts max. 

/faf Cycle 

60^ a/raImpulses 

140 X/. 


140 


25,0 cm. 


30~- -140 AV 


100 


15.5cm 


lOO/Oiocyctes 
140 xr. 


a? 


12.5cm 


230 Kilocycles, 
140Xy. 


?3 


103 cm. 


350Kilocycles 
140x7. 


66 


dOcrrt. 


£00 Hilo cycles 
14 oily. 


•54 


5.8 cm. 


900Kilocycle.* 
140 Xy. 


Fig. 8—Settings of Needle and 12.5 cm. Sphere Gaps for Equal 
Impulse Spark over Voltages of Various Wave Fronts 

(Impulse Voltage Setting 140 kv. Max.—Waves Single Half 
Sine—100 Kilocycles and 900 Kilocycles) 


100 kv. for 60-cycle operation and instantly and automatically 
reduced to a 50 kv. 60-cycle setting whenever an impulse came 
on the line. For moderately steep wave fronts the spark- 
over voltage would be greater Than 50 kv. and less than 100 kv., 
but for very steep wave fronts, the impulse ratio of the50-kv. 
gap would be greater than two, or the spark-over voltage would 
be greater than 100 kv. This lag is shown in Mr. Allcutt’s 



Fig. 9 Fig. 10 


data, Figs. 13 and 14. Super-volt ages are equivalent to volt¬ 
ages of increased wave fronts and increase the spark-over voltage 
of the gap. 

Fig. 11 gives data which I have obtained on such a gap at 
3-in. and spacings. You will note the characteristics 

are as discussed above. Starting with a sphere and a selective 
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sphere at the same 60-cycle setting, 3 in., the sphere arc-over 
voltage remains practically constant for any wave front. At 
a moderate wave front the selective-gap has about 5 .to 10 
per cent lower arc-over voltage than the sphere, while for 
the steeper wave fronts the voltage is higher. For steep wave 
fronts the sphere is the superior gap. My tests show less ad¬ 
vantage for the selective gap than Mr. Allcutt’s. (See tests, Tables 
I and II. In making such tests it is important to be sure 
that the impulse generator is giving a pure impulse and there 
are no secondary oscillations , otherwise the results will be quite 
different. 

Mr. Allcutt points out the important fact that the impulse 
voltage necessary to discharge a given gap will depend upon 
the point on the 60-cycle voltage wave at which the impulse 
reaches the gap. 
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Fig. 11 

There are three cases which require consideration: 

Case A—where the impulse occurs at the zero point of the 
60-cycle wave and is thus not affected thereby. The impulse 
voltage required to produce discharge may be denoted by A. 

Case B—where the impulse occurs at the maximum of the 
60-cycle wave and is additive. In this case it would be expected 
that the gap would discharge when the sum of the two voltages 
reached approximately the A discharge voltage of the gap. 
Thus, if L is the maximum of the 60-cycle line voltage, approxi¬ 
mately, 

B = A - L 

Case C—where the impulse occurs at the maximum of the 
60-cycle voltage wave, but in the opposite direction. In this 
case it wou'd be expected that it would be necessary for the 





1918 ] 


863 


DISCUSSION AT ATLANTIC CITY 


impulse voltage to reduce the 60-cycle voltage to zero and rise 
to a value A in the opposite direction, or approximately, 

C = A -j- L 

For Case C, the impulse voltage would rise to a higher value 
than in case A and B before the arrester discharged. End 

TABLE I 

Selective Sphere-Horn 
(6-X-cm. Spheres with Auxiliary Electrode) 

One side grounded. 


Gap setting 

60-cycle 
spark - 
over 

kv. max. 

60-cycle 

spark- 

over 

X gap 
kv. max. 

Impulse 
spark- 
over total 
gap 

Apparent 

impulse 

ratio 

Impulse 

ratio 

In, 

Cm. 





83 Kil 

ocycles (Single 

f 

half cycle) 

x 

1.27 

38 

23 

28 

0.74 

■NHHH 

2 

5.08 

105 

67 

81 

0.77 


3 

7.62 

121 

88 

113 

0.94 






500 Kilocycles (Single half cycle) 

X 

1.27 

38 

23 

32 

0.84 

1.40 

2 

5.08 

105 

67 

87 

0.83 

1.30 

3 

7.62 

121 

88 

109 

0.90 

1.24 





2000 Kilocycles (Single half cycle) 

X 

1.27 

38 

23 

34 

HQ9H 

1.48 

3 

7.62 

121 

88 

114 

MEM 

1.30 





Impulse 

Apparent 






spark-over 

impulse 

Wave front 





total gap 

ratio 

volts/sec. 

3 

7.62 

121 

88 

113 

0.94 

0.4 X lOn 

3 

7.62 

121 

88 

109 

0.90 

5 X 10n 

3 

7.62 

121 

88 

114 

0.94 

22 X 10” 

3 

7.62 

<4^ 1 

88 

110 - 120* 

0.91 - 1.00 

60 X 10” 

3 

7.62 

121 

88 

106 - 133* 

0.88 - 110 

110 X 10” 

3 

7.62 

121 

88 

130 - 132* 

107 - 110 

133 X10” 


Above data for Case A—Impulse applied at zero of 60-cycle wave. 
*Range of equal spark-over. 


turns of transformers wou d, therefore, be subjected to the 
highest stresses for Case C.* 

Tests which I have made for both the plain sphere and the 
select ve sphere check approximately with the conclusions 
which were arrived at above from theoretical considerations. 

Mr. Allcutt came to the same theoretical conclusions as 
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outlined above for the sphere, for A , B and C and these theo¬ 
retical results are plotted accordingly in his Fig. 17. He found 
from tests on the selective gap that for Case B the impulse 
voltage was reduced as would be expected, but for Case C, 
quite contrary to expectations, the impulse required to spark- 
over the gap was the same as in Case A. It is' difficult to rec¬ 
oncile his tests B and C, since if an additive wave reduces the 
voltage, a subtractive wave should increase the voltage. My 
tests show this to be the case for both gaps—in other words, 
that the relative protective values of the sphere and the selec¬ 
tive sphere are for an impulse of a given wave front approxi¬ 
mately the same for all three cases. 

The results of my tests are given in Table III. These tests 
were a.l made with the impulse at which the selective gap dis¬ 
charges at the lowest voltage as shown in Fig. 11. Attention 


TABLE II 

Impose and 60-C\cle Spark-Over \ oltages at the Impulse Frequency of Minimum 
__ Discharge for the Selective Gap. 

r I [ Selective sphere-horn j 


Gap setting 


Impulse Sphere Pittsfield tests 

fre- 60-cy. ..... . . 

quency or any I Appar- 

kilo- impulse 60-cy. erit 

c\ cles kv.max. kv. Impulse im- 

max. kv.max pulse 

ratio 


Mr. Allcutt's test 


60 cy. 

kv. Impulse 
max. kv. max. 


Appar¬ 

ent 

im¬ 

pulse 

ratio 


0.31 

0.54 

0.64 


i 2 ! 5 OS ! ™ 3 * 3 ? 32 0 84 t39 12.« 0.31 

| 3 j - 62 I -m !?° 10 ° 87 0-83 121 65 0.54 

— ~ r - -—L?- 1 - 121 1 109 0.9Q 147 93.5 0.64 

60-oyc e values for one sphere grounded as in an arrester. 
f60-c$ ele values for spheres not grounded. 

Above data for Case A— impulse applied at zero of 60-cycle wave. 

AUcutfcf t( I founf?^ differen ce 1between my tests and Mr. 
cent betwA dfd l averag ? difference of only about 15 per 
the impulse Lw j pher . e . and selective gap for Case C with 

difference disappears and the discharge 1S £ ecreased th * s 

as the steepness is increased the %'ft ges become equal; 

finally the break-down of td i dlfference disappears and 
than that of the sphere. (See Fie 1LV ** gap becomes greater 

The impulse ratio figures given hv lvr-r ah ^ j 
respond to what I original Allcutt do not cor- 

paper. The object oAhisratio^ ’“I. 11186 ra y°’ in m y 

speed of different gaps A gS without y the relative 

ratio of one; this ratio cannot hf i» * tl™ kg has an impulse 

gves values of less than oS ° ne '- Allcutt 

’ aitJl ougli the gap is slow. The 
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Pig. 12a—Relative Protective 
^ Values of Spheres and Points 

*t°~ Cycle - s P ark -°ver voltage setting in kilo¬ 
volts maximum. 

Insulator Spheres Points 

120 77 77 


. spheres protect by discharging th 

impulse. The points have the same 6o-cyc< 
voltage setting but do not discharge. 



-JXJimATlVE PROTECTIVE 

Values of Spheres and Points 

6o-cycle spark-over voltage setting in kilo 
volts maximum. b 

Insulator Spheres Points 
120 137 77 


•mLnougntne. sphere 6o-cycle spark-over 
voltage setting is, m this case, higher than 
that of either the insulator or the points the 
spheres protect because the sphere “light- 
three s P )ar ^" over voltages is the lowest of the 
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Pig. 12c—Relative Protective 
Values of Spheres and Points 

60-cycle' spark-over voltage settings in kilo¬ 
volts maximum. 

Insulator Spheres Points 

120 -- 77 


The points do not protect because of their 
very high lightning” spark-over voltage. 


. The spark-overs shown are due to a succes- 
sion of steep wave point impulses applied to 
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Fig. 13 a—Sphere and Horn Gaps 
Having a Steep Wave-Front 
Voltage Applied 

60-cycle spark-over voltage settings (kv- 
mas.) 

Spheres 250 Horns 140 



[peek] 

Fig. 13b —Sphere and Horn Gaps 
Having a Slanting Wave-Front 
Voltage Applied 

60-cycle spark-over voltage settings (kv.- 

IT1£LX*) 

Spheres 250 Horns 140 
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impulse arc-over voltage divided by the 60-cycle voltage of 
half the gap wou d give this figure for the selective gap. 
Table II. I mention this merely to prevent confusion in re¬ 
gard to my original use of the term. Mr. Allcutt s ra 10 is an 
apparent impulse ratio. As an instance, take the 3-m. setting 
for a 500-kc. wave; Mr. Allcutt finds an impulse spark-over 
voltage o' 93, while my tests give an impuise voltage ot 100. 
My tests give an apparent impulse ratio of 0.90; Mr. aucuu s 
0.64. Part of this discrepancy is due to the fact that Mr. 

Allcutt takes the non-grounded value of 121 kv fo ^ e 1 

voltage while the grounded value of 121 kv. should be used. 
Any gain due to the selective sphere-horn is, m effect, tnat 


table III 

Effect on the 60-Cycle Voltage on the Impulse Spark-Over 
Comparison of Sphere and Selective Sphere-Horn at the Impulse Frequency of Minimum 

Discharge for the Selective Gap. _ , 


Spacing 


In. 


Cm. 


1 

2 

3 


-1 

2 

3 


2.54 

5.08 

7.62 


2.54 

5.06 

7.62 


Selective gap. 
impulse 
kv. max. 


Sphere gap 
impulse 
kv. max. 


*Ratio Selective 


Sphere 


A | B | 

c 1 

'A | B | 

c 1 

A | B | C 

Pittsfield Tests 

49 

87 

113 

54 

54 

67 

97 

115 

147 

68 

105 

121 

52 

60.5 

86 

108 

148 

160 

0.73 

0.83 

0.94 

1.04 
0.90 
0.78 

0.90 

0.78 

0.92 

Mr. Allcutt’s Tests 

30 

65 

93.5 

9 

22 

45 

32 

68 
i 96 

71 

121 

147 

35 

67 

74 

107 

181 

220. 

0.42 

0:54 

0.63 

0.25 

0.36 

0.61 

0.30 

0.37 

0.44 


tive gap. ...... 

Applied 60-cycle voltage = half 60-cycle discharge voltage of the gap. 

Case A—Impulse applied at zero of 60-cycle wave. ..... 

Case B—Impulse applied at maximum of 60-cycle wave-additive. 

Case C—Impulse applied at maximum of 60-cycle wave-subtrac ive. 

of raising the operating voltage and not of 
apparent laboratory gain is thus lost if practise nature 

increase in spacing necessary. Greater gams o , __ 

may be made in other ways. Ram lowers the 6 - y 
over voltage of a gap. It is, for this reason ne j ^ 
a gap installed outside, at about double the vo ^g e of a ,|^ 
installed inside. A fast gap protected from rain has been 
devised which makes a much greater practical gam for a 
fronts than that obtained by the selective gap, at its‘ 
discharge voltage. This is obvious since the aver ^e appare 
gains due to impulses under the best conditions wi 
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tive gap, Figs. 9 and 11, are only 10 to 15 per cent, while a covered 
gap cuts the voltage in half. A covered fast gap is of greatest im¬ 
portance. 

So far the problem has only been discussed from the ar¬ 
rester standppint. While it is important to design an arrester 
gap of^ low impulse arc-over voltage, it is equally important 
to design leads, insulators, and insulation for high impulse 
puncture and arc-over voltages. Great strides have been made 
in this direction. 

Percy H. Thomas (Read by L. W. Chubb): Mr. Allcutt 
has devised an apparatus which will cause a discharge over 
the spark gap more easily as the result of a voltage impulse of 
steep wave front than as a result of commercial frequency 
current. Furthermore, the effectiveness of the arrangement 
does not vary numerically with the frequency but rather may 
be said to be effective for all frequencies above a critical inter¬ 
mediate range, which is the author’s intention and the desired 
characteristic. From a certain point of view the apparatus 
described by Mr. Allcutt has characteristics especially adapted 
to the protection of commercial electrical apparatus from high- 
frequency discharges. From certain other points of view, 
however, considerations might be urged to minimize its import¬ 
ance. For example, experience may show that it is not de¬ 
sirable tp cause the spark gap to discharge with very high-fre¬ 
quency impulse. In commercial circuits there may be very 
many relatively harmless impulses of sufficient abruptness to 
cause Mr. Allcutt’s apparatus to act when no actual protection 
is required. 

It might happen, for example, with the device adjusted in 
such a way that high-frequency impulses of voltages not too 
high to be safe did not discharge that an adjustment would 
result which did not discharge commercial frequency impulses 
easily enough. In other words, is not the ideal condition a 
discharge ratio of unity? The abrupt discharge to ground of 
a voltage impulse on the terminal of a transformer may be 
far more severe on the end turns than the original impulse. 
This results not only because the swing of voltage is greater 
with the discharge to ground but because it may be of even 
a higher frequency than that of the original impulse. 

It may also be said that it is only under the most favorable 
and very unusual conditions that a disturbance of a frequency 
as high as 500,000 cycles can be met with in transmission lines. 
The size of conductors and all apparatus connected with a 
commercial system are of such high capacity and inductance 
that practically all impulses will be of much lower frequency. 
Again, these very high-frequency discharges are of very small 
energy content, so that they would ordinarily be absorbed 
in any commercial system or any commercial apparatus without 
producing any considerable rise in potential. Especially if 
their initial voltage be so high as to break down any commer¬ 
cial lightning arrester. 
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It is not safe, however, to object to such new devices as are 
proposed by Mr. Allcutt on purely theoretical grounds, for 
actual trial often reverses conclusions based on theoretical con¬ 
siderations. 

It would seem to me that a particularly favorable field for 
the trial of this devise would be distribution systems carrying 
house lighting transformers from 2000 to 5000 volts. These 
transformers suffer frequent injury, and adequate arc suppress¬ 
ing devices are available in case of the use of very sensitive 
lightning arresters. 

L. W. Chubb: This work of Mr. Allcutt’s is very interesting 
and the tests in all cases made in shunt with the sphere-gap, leave 
no doubt regarding the quickness of the gap and the fact that 
it limits the voltage to a reasonable figure. 

Some time ago we ran impulse tests on electrical porcelain 
and other dielectric materials, and the results show distinctly 
that voltage impulses of short duration far above the ordinary 
breakdown voltage of the insulator may be applied repeatedly 
without rupture. Each impulse, however, produces a permanent 
injury and eventually the insulation will give way under the 
repeated stress. High-frequency impulses coming in and strik¬ 
ing the end turns of a transformer will not break it the first 

time, or for.many times. Each time such an impulse comes 

it will cause a certain permanent injury, and repeated disturb¬ 
ances will eventually cause failure. 

The selective properties of Mr. Allcutt’s gap seem to me to 
be of great importance for it takes care of the first half cycle 
of a wave train which starts in opposition to the instantaneous 
value of line voltage. The ordinary gap, under the same 
conditions, set to double line voltage will require three times 
normal voltage to discharge on the first half cycle of the wave 
train, which will seriously injure the insulation of inductive 
end turns. The usual gap will, of course, discharge on the 
second alternation in this case, but this is too late as the voltage 
rise has not been restricted and the harm has been done. 

C. T. Allcutt: I am very glad to hear from Mr. Peek on this 
subject and to find that he is conducting some experiments to 
check the results I have obtained. It would appear from the 
data and curves that Mr. Peek has included in his discussion, that 
there is a serious lack of agreement in our results. It is un¬ 
fortunate that Mr. Peek has neglected to give any data con¬ 
cerning the construction of the gaps tested by him or the test 
methods employed. If such information had been included in 
his discussion I feel confident that the cause of the apparent 
discrepancies could be readily pointed out. 

The particular forms of gap for which I have presented test 
data are but two of a large number of forms of gap, based on 
the same principle, that have been tested in our laboratory. 
The gaps described are, naturally, the preferred forms, i.e.\ those 
that give the best results consistent with a commercially prac- 
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ticable construction. Any considerable modification of the con¬ 
struction described may result in a large increase in the impulse 
discharge voltage. 

I do not believe that Mr. Peek appreciated the importance 
of having the auxiliary electrode of such small dimensions so as 



Fig. 14 —Impulse Gap 


to be, in effect, a point electrode. Perhaps the fault is mine for 
having insufficiently emphasized the importance of this point in 
m Y paper. For example, Mr. Peek states that the 60-cycle dis¬ 
charge voltage between the auxiliary electrode and one of the 
main electrodes is about one-half the discharge voltage of the 



mam gap.. This is clearly not the case where a point auxiliary 
electrode is used. In the sphere-horn gap tested by me, the 
oO-cycle discharge voltage between the auxiliary electrode and 
one of the main electrodes was approximately one quarter the 
discharge voltage of the whole gap. (See Pig/14). In the gap 





1918] DISCUSSION AT ATLANTIC CITY 869 

tested by Mr. Peek, conditions were quite different, as is shown 
by Fig. 15, which was plotted from the data given in Table I 
of his discussion. It is evident that Mr. Peek used an auxiliary 
electrode of quite different dimensions from that. described in 
my paper. This alone is sufficient to account for his failure to 
secure results comparable with my own, as the impulse dis¬ 
charge voltage is largely dependent on the 60-cycle discharge 
voltage of the half gap. 

In the footnote to his Table II and again in the text of his 
discussion, Mr. Peek intimates that I used the standard un¬ 
grounded sphere gap calibration curve as representing the 60- 
cycle discharge characteristics of the gap under test. As I 
stated in my paper, the 60-cycle discharge voltage of the gap 
under test was obtained by comparison with a standard 25-cycle 
sphere gap. All tests were made with one electrode grounded. 
The presence of the horns and the height of the gap above ground 
both tended to make the 60-cycle discharge curve somewhat 
higher than the standard grounded calibration curve for 6.25- 
cm. spheres. Mr. Peek apparently was misled by the fact that 
the experimentally determined 60-cycle discharge curve for the 
sphere horn gap with one side grounded, happened to correspond 
quite closely with the standard non-grounded curve for 6.25-cm. 
spheres. 

In another part of his discussion Mr. Peek objects to my 
use of his own very apt expression 4 'impulse ratio.’’ Mr. Peek 
introduced this term some three years ago with these words: 
4 ‘We have termed the ratio of the impulse breakdown voltage 
to the continuously applied breakdown voltage the 4 ‘Impulse 
Ratio.” In my paper I defined impulse ratio practically in 
Mr. Peek’s own words and attempted to use the term in strict 
accordance with his own definition. 
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THE OXIDE FILM LIGHTNING ARRESTER 


BY CHARLES P. STEINMETZ 


Abstract of Paper 

A short history of lightning protection of electric systems is 
given, as relating to the three successive types of electric cir¬ 
cuits; the communication circuits, the power circuits of negligible 
electrostatic capacity, and the high-power circuits containing 
distributed capacity and inductance and capable of electric oscilla¬ 
tion, leading to the three problems of discharging over-voltage 
to ground, opening the power current which follows the discharge 
and discharging so that no power current follows even for a 
fraction of a half wave. It is shown that these problems are 
solved by the spark gap to ground, by the use of non-arcing 
metals in the multigap arrester, which opens the circuit at the 
end of a half wave of current, and by the so-called counter 
e.m.f.” type of arrester, represented by the aluminum cell and the 
oxicl© film arrester. 

It is shown that the necessity of taking care of recurrent dis¬ 
charges in high-power systems had led to the universal adoption 
of the aluminum cell arrester in such systems, in spite of its dis¬ 
advantage of requiring daily attendance in charging, and of 
containing an electrolyte and oil. 

In the oxide film arrester a type of arrester is presented which 
has the same characteristics and therefore the same advantages 
as the aluminum cell arrester, but does not require daily attend¬ 
ance and contains no liquids. 

Its method of operation is explained, and its difference from 
the aluminum cell arrester; the dielectric film, which punctures 
under the discharge, and reseals after the discharge, is formed 
from the solid materials between the terminal plates, compressed 
Pb0 2 , and therefore no spontaneous chemical action occurs 
which dissolves the film, as in the aluminum cell, in which the 
film forms from the aluminum electrode, gradually dissolves, 
and therefore requires daily charging. 

A short description of the construction of the oxide film arrester 
is given, a record of its operation in industrial service for over 
three years, and oscillograms showing the performance of this 
arrester under fecurrents, oscillations and under high-power im¬ 
pulses. 


T HREE periods can be distinguished in the development of 
lightning arresters, corresponding to the three periods of 
the use of electricity: 

(1) Electric circuits of negligible power, telegraph and tele¬ 
phone. 

(2) Electric power circuits of negligible electrostatic capacity; 

871 
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d-c. lighting and railway, a-c. secondary and 2300-volt primary 
distribution. 

(3) High-voltage electric power circuits, transmission lines, etc. 

(1) In electric circuits of negligible power, such as telegraph 
and telephone circuits, a simple minute spark gap to ground 
afforded protection by discharging lightning to ground, and was 
sufficient until the recent years, when with the general intro¬ 
duction of electric power circuits the problem arose, in electric 

communication circuits to take care of crosses with power cir- 
cuits. 


(2) In electric power circuits, a simple spark gap to ground 
became insufficient for protection, since the power current, fol- 
lowing the lightning discharge as arc, short-circuited the system 
and burned up the arrester. The problem then arose, to safely 
open the short circuit of the machine current to ground, through 
the lightning arrester, after the lightning discharge has passed, 

and to leave the arrester in operative condition to receive fol¬ 
lowing lightning discharges. 

Of the various devices developed heretofore, the magnetic 
low-out lightning arrester still is used in direct-current railway 

. 6 first scientifi c investigation of this problem, is recorded 

m e paper 1 by A. J. Wurts, presented before the A I E E if 
the meeting of May 1894. Since that time all lightning alreSem 

drCUitS ° f negligible electrostatic 
capacity are based on the multigap principle between non-arcing 

Tthe les T f ° rmS the arreSter ^ assume- 

as the present compression chamber lightning arrester. The 

£&£ over'S ° P ‘T S °° ! he Pri “ ip,e ' that «• %htni„ g 
scharge over the multigaps closes the circuit to ground but 

r «*«■<-<-at“e Md 

character of the gaps te 

next half wave to start Thf t reVerse CUrrent of the 
circuits for a part of s half multl gap arrester thus short- 

alternating Z jL ‘ ^ ^ «iy for 

For 3 r cars difficulties were met with fu n i \ • r 

1* Trans. A. I. E. E 1«qa ~~ \r ~i vr _ __ _ 

Lightning Arresters and Recent Pror - re « • jV P ' 337, " Discri ™inating 
Lightning' ', by A. J. Wurts ™ f ° r ProUction gainst 
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even of a part of a half wave may be sufficient to disable 
and destroy the arrester, while the use of a series resistance, 
while limiting the power current and thereby protecting the 
arrester, also limited the discharge capacity and thereby re¬ 
duced the protection. This problem was solved by the use of 
multigaps shunting the series resistance, so that moderate dis¬ 
charges passed over the resistance, while high power lightning 
discharges found a path without series resistance, over the 
shunted gaps, and at the same time, the shunting resistance 
made the power arc at the shunted gaps unstable and thus as¬ 
sisted in the extinction of the short circuit at the end of the 
half wave. 2 

(3) As soon however, as circuits came into use, which had 
considerable electrostatic capacity, such as high-voltage transmis¬ 
sion circuits, extended underground cable systems, or lower 
voltage circuits (including generator circuits) inductively con¬ 
nected with such circuits, the multigap arrester failed by fre¬ 
quently, or even usually destroying itself by the discharge, burn¬ 
ing up. 

In such circuits, oscillations between capacity and inductance 
may occur, started by a lightning discharge or any internal dis¬ 
turbance such as switching etc., resulting in recurrent high-fre¬ 
quency oscillations, of which the arcing ground on a transmission 
line is typical and probably best known. With such continual 
discharges, often several per half wave, the multigap arrester 
short-circuits at the first oscillation, for the remainder of the half 
wave, and while the multigap functions properly and opens the 
short circuit at the end of the half wave, the oscillation of the 
next half wave again short-circuits, and so on, so that the effect 
is that of a continuous short circuit, and no lightning arrester, 
no matter how large, can dissipate the short-circuit power of 
a big system for any appreciable time. 

For such systems, in which recurrent high frequency oscil¬ 
lations, as arcing grounds, may occur, a lightning arrester is 
necessary, which does not short-circuit the machine current 
even for a fraction of a half wave, but merely discharges the over 
voltage, the oscillation which, however high in voltage it may 
be, is small in energy compared with the short-circuit power of 

2. See A. I. E. E. Trans., 1907, Vol. XXVI, p. 425,“ Protection Against 
Lightning , and the Multigap Lightning Arrester ’■ by D. B. Rush mo re and 
D. Dubois. 
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the system, as it represents only the stored energy of capacity 
and inductance. The only arrester of this character heretofore 
was the electrolytic, or aluminum cell lightning arrester, devel¬ 
oped by E. E. F. Creighton, J. L. R. Hayden, F. W. Peek and 
others. - It acts towards an over-voltage discharge like a counter 
e. m. f. equal to the normal circuit voltage, and the discharge 
current passing through the arrester thus is the short-circuit 
current of the over voltage, while the normal machine voltage 
does not discharge, is held back and not disturbed. The alum¬ 
inum cell arrester thus can discharge continual disturbances, 
over-voltage oscillations occurring at every half wave, for a con¬ 
siderable time, half an hour to several hours, before it is endang¬ 
ered by the temperature rise due to the accumulated energy of 
these discharges. 

The aluminum cell arrester comprises a series of cells—usually 
conical and stacked into each other—of aluminum electrodes 
with an electrolyte, of which neither the salt nor its ions appre¬ 
ciably dissolve alumina. In “forming” the cell, by an alter¬ 
nating current passing through it, the electrodes are coated by 
a thin non-conducting film of alumina, which grows in thickness 
until it holds back the impressed voltage. Any over-voltage 
punctures this film, but the current passing through the punc¬ 
ture holes, again forms alumina and closes the holes. Thus the 
aluminum cell acts like a self repairing electrostatic condenser 

of a disruptive strength equal to the impressed voltage: about 
250 to 300 volts per cell. 

The practical experience of the last ten years has proven the 
aluminum cell arrester as the only type capable of affording pro¬ 
tection in modern high-power circuits, and proven this so con¬ 
clusively, as to lead to its universal adoption in such circuits 
m spite of the inconveniences incident to the need of daily atten¬ 
tion m charging, the use of a liquid electrolyte, and the difficulty 
of testing the arrester without taking it apart, except by watch- 

cunrent appearance of the char S in g arc, or measuring the charging 

These inconveniences incident to the aluminum cell arrester 
were well realized however, and as soon as the minor troubles 
met with the aluminum cell arrester in the early years had been 
overcome engineers went energetically to work on the problem 
of developing a lightning arrester of the characteristics of the 
a ummum cell arrester, but which does not require any attention 
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beyond that given to every apparatus in a well managed system, 
that is, an occasional inspection, at least once or twice a year. 

Numerous researches were made by the engineers whose splen¬ 
did work I here acknowledge: Messrs. H. D. Brown, E. E. F. 
Creighton, Crosby Field, V. E. Goodwin, J. L. R. Hayden, N. A. 
Lougee, and G. B. Phillips. Some of these researches have not 
yet led to results ready for communication, but I am glad to 
present to you here as the result of the work of these men, and 
more particularly of E. E. F. Creighton, Crosby Field and N. 
A. Lougee, in the Oxide Film Lightning Arrester a new type of 
lightning arrester, which has all the characteristics and advan¬ 
tages of the aluminum cell arrester, but does not require any 
charging and thus requires no special attention, contains no 

a 

liquid electrolyte, no inflammable material, and like the alu¬ 
minum cell arrester, can be located outdoors as well as indoors. 

The oxide film arrester, like the aluminum arrester, acts like 
a counter e. m. f. equal to the normal circuit voltage, freely dis¬ 
charging any over voltage, but holds back the normal machine 
voltage. Thus the discharge is limited to the energy of the 
over voltage, as in the aluminum arrester, and like the latter, 
the oxide film arrester can continuously discharge recurrent 
surges, such as arcing grounds etc., without endangering itself, 
for a considerable time, sufficiently long to notice and eliminate 
the disturbance. 

Compared with the almost entire absence of knowledge of light¬ 
ning phenomena in electric circuits, under which Mr. Wurts had 
to work in developing the non-arcing metal multigap lightning 
arrester, our present knowledge of lightning phenomena is very 
great. Nevertheless, there are so many disturbances in large 
electric systems, which we cannot or only incompletely repro- 
duce in our laboratories, that the final decision on the success, 
that is, the effectiveness and permanence of a lightning arrester, 
still is best given by the experience in industrial systems. 

Therefore, after extensive laboratory tests had been completed 
and had proven the oxide film arrester as of the same character¬ 
istic as the aluminum arrester, but requiring no special attention, 
a number of industrial installations were made, and more added 
the next year and the third year. Now, however, when a con¬ 
siderable number of installations of these arresters, for voltages 
from 110 to 33,000, have been in successful operation, some for 
over three years, and have proven their protective value and 
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their permanence, I consider it desirable to bring the arrester to 
your attention. 

Of the numerous tests made on the performance of the arrester, 
it may be sufficient here to give only two, by the oscillograms 
Figs. 1 to 4, showing the action on a recurrent oscillation, in Figs. 

1 and 2, and on a single high-power impulse, Figs. 3 and 4. 

The tests, oscillograms Figs. 1 and 2, were made in the usual 
manner: a surge or continual oscillation was produced by a large 
condenser, connected to an alternating-current supply and dis¬ 
charging over a spark gap through an inductance. The latter 
was chosen so as to give a frequency of 1200 cycles to the oscil¬ 
lation, and thereby bring it well within the range of the oscillo¬ 
graph. This surge was impressed upon the apparatus to be 
protected, a transformer energized by another alternating-cur¬ 
rent circuit. Fig. 1 shows the oscillogram without protection 
of the transformer, and Fig. 2 the oscillogram with an oxide film 
cell shunting the transformer and thereby protecting it. 

In Fig. 1, the lowest curve show r s the voltage of the 320-volt 
47-cycle power supply circuit of the transformer, with the oscil¬ 
lations superimposed on it, rising to surge peaks of 2800 volts. 
The upper curve shows the oscillating currents passing through 
the transformer, rising to current peaks of 40 amperes. The 
middle curve is absent, as no arrester is used in this test. In Fig. 

2 however, where an oxide film cell is shunted across the trans¬ 
former, the middle oscillogram shows the current oscillations 
passing through the arrester, with peaks of 35 to 41 amperes. 
The lower curve in Fig. 2 then shows again the circuit voltage 
wave impressed upon the transformer, with the oscillations cut 
down by the oxide film cell. This voltage wave, the lower curve 
in oscillogram Fig. 2, well illustrates the characteristic action of 
this type of “counter-e. m. f. arrester”—to which the oxide film 
arrester and the aluminum cell belong. The oscillation peaks 
are sharply cut off at a maximum voltage of 60 per cent above 
circuit voltage: the value for which the spark gap was set. As 
the result, the oscillations are very greatly cut down from the 
high values which they have in the unprotected circuit Fig. 1 

, (2800 volts), and become unsymmetrical. The half waves of os¬ 
cillation in the same direction as the circuit voltage are greatly 
reduced, by the limitation of the voltage to 60 per cent above- 
normal, while the reverse half waves—which lower the instan- 
taneous circuit voltage— are less affected. Corresponding there¬ 
to ‘the discharge current through the arrester, the middle oscil- 
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Fig. 1—Surge Discharge as in Fig. 2— No Arrester in Circuit 


Top vibrator—current, through transformer. 
Bottom vibrator—circuit voltage. 
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Fig. 2—Surge Discharge Through Arrester Cell 

Top vibrator—60-cycle timing wave. 

Middle vibrator—current through arrester. 

Bottom vibrator—voltage across arrester. 
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FIG ’tL S >! N ? LE J mpulse Discharge as in Fig 3- 

Top vibrator 60-cycle timing wave. 

Middle vibrator—current through arrester. 

Bottom vibrator-voltage across arrester. 
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logram in Fig. 2, is asymmetrical also: in the first and second 
oscillation of Fig. 2, the first and third half wave of oscillating 
voltage is cut off, and the first and third half wave of the oscil- 
ating discharge current, therefore higher than the second half 
wave o the oscillating discharge, which latter corresponds to a 
half wave of oscillating voltage in opposition to the circuit volt¬ 
age, therefore not-raising the circuit voltage. The third oscil- 
ation of Fig, 2 happens to start with a half wave of oscillating 
voltage in opposition to the circuit voltage, and the first half¬ 
wave oscillating discharge current through the arrester in the 
middle curve, thus is smaller than the second half wave; the 
second half wave of the oscillation is cut down in the voltage 

and therefore gives the maximum discharge current, 35 amperes 
in this case. 

This feature is well brought out by the oscillograms Figs. 1 
and 2, due to the use of a different frequency, 60 cycles, for the 
power supplying the oscillator. This caused the successive oscil¬ 
lations to occur at different parts of the half waves of the 47- 
cycles circuit which was to be protected. 

Fig. 3 and 4 then show the protective action of the oxide film 
arrester on a 550-volt direct-current circuit, against a single 
(non-oscillatory) impulse produced by opening a highly inductive 
circuit (railway motor). Fig. 3 shows on the lower curve the 
oscillogram of the impulse in the 550-volt circuit, rising to 7000 
volts. The upper curve merely is a 60-cycle timing wave, to 
enable measuring the duration of the impulse. Fig. 4 shows 
the same circuit, with an arrester shunting it. The impulse 
voltage rises to the value for which the discharge gap of the arres¬ 
ter is set, in this case 2200 volts. Then the arrester discharges, 
and the voltage instantly drops back to normal, while a slowly 
decreasing discharge current through the arrester dissipates 
the magnetic energy of the impulse. 

The cell of the oxide film arrester, shown in Fig. 5, consists of 
two circular metal plates as electrodes, which are kept apart by 
a porcelain ring, as shown in the figure. The space between the 
electrodes inside of the porcelain ring, is filled with the active 
material, lead peroxide Pb 02 , which is put in under moderate 
pressure.. This active material is a good conductor, but has the 
characteristic, that by the action of an electric discharge, it is 
converted in the path of the discharge, into a lower oxide, which 
is.an insulator. Thus when an alternating current is passed 
through such a cell, the active material at the electrodes grad- 
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ually converts into a non-conductor, and forms a thin insulating 
film at the electrode. This grows in thickness, until it cuts off 
the further flow of current and holds back the voltage, about 
250 to 300 volts per cell. Then only a small leakage current, of 
a few milliamperes, passes at normal voltage, but if an over volt¬ 
age of any kind appears at the cell, the insulating film of lead 
oxide punctures and freely discharges through the lead peroxide, 
but in doing so, converts the surface of the lead peroxide in 
the path of the discharge into the lower non-conducting oxide, 
and thereby closes the puncture holes, repairs or reseals the 
film. 

In manufacture, naturally, just as in the aluminum cell arrester, 
the insulating film is not produced after assembly of the cell by 
the slow process of passing a current through, but the film is put 
on before assembly, in the oxide film arrester, by dipping the 
plates in a suitable insulating varnish, which gives them a coating 
just thick enough to hold back the circuit voltage. Then after 
assembly, voltage is put on the cell for testing it and sealing any 
holes or defects which may exist in the varnish film. 

In the oxide film arrester, the electrodes have nothing to do 
with the arrester action, and any suitable material can be used. 
First we used brass, but now use sherardized iron, the latter 
having a higher melting point and thus standing high power dis¬ 
charges, which would melt holes in the brass electrodes. 

In this arrester, the action, which holds back the normal volt¬ 
age but passes freely an over voltage, thus resides in the active 
material between the electrodes, and it is this material which 
forms and reforms the film. As this material is a solid, no chem¬ 
ical action occurs such as the gradual dissolution of the alumina 
film in the aluminum cell arrester, but the film remains intact 
permanently, and thus no daily ^charging”, that is, repairing 
of the film, is required. 

A number of such cells, depending on the voltage of the circuit, 
are piled on top of each other, with a spark gap in series, and, for 
low and moderate voltages, incased as shown in Fig. 6. 

As the cells are hermetically sealed, by the metal of the elec¬ 
trodes being spun over the porcelain separating ring, the cells 
can be installed outdoors as well as indoors, requiring in outdoor 
installation merely some protection by petticoats, as shown in 
Fig. 7, to keep the rain from short-circuiting the cells. Fig. 8 
shows such an outdoor installation of a 33-kv. arrester, with three- 
phase stacks and the ground stack of cells, protected against the 
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weather by metal petticoats. Fig. 8 shows also the spark gaps on 
the line side of the arresters. They are protected sphere gaps, to 
give instantaneous discharge, with a horn attachment to allow 
the arc to flare up and thereby help in its extinction. 

As well known, the plain horn gap has the disadvantage of 
requiring an appreciable —though a very short (microseconds) 

time for discharge, and an extremely sudden high voltage, as a 
very steep wave front, thus may pass the horn gap and flash over 
elsewhere. Therefore in modern high-voltage lightning arresters 
the horn gap is shunted by a properly proportioned sphere gap, 
the latter being "“instantaneous”'in its action. In outdoor use 
however, rain, lowers the discharge voltage of the sphere gap, 
and thus requires a setting which gives a higher discharge volt¬ 
age in dry weather than necessary. Therefore a protected sphere 
gap has been designed, which overcomes this disadvantage in 
the open sphere gap, and is shown in Fig. 8. 

The need of using this spark gap in series with the arrester, 
is the only still remaining undesirable feature which the oxide 
film arrester shares with the aluminum cell arrester, the multi¬ 
gap arrester and other types. While by the work of Mr. F. W. 
Peek, on the time lag of electric discharges 3 , the means have been 
given to make the discharge gap “instantaneous”, that is, faster 
than any other discharge path over gaps or through insulation 
in the system, so that the arrester takes care effectively of any 
over voltage above its discharge voltage, it does not discharge 
voltages lower than the discharge voltage of its spark gap, even 
if these lower voltages may involve some danger to the system by 
their high frequency. Such low voltages, while they cannot 
endanger the main insulation between circuit and ground, may, 
if of sufficiently high frequency, lead to local accumulations of 
voltage across inductive parts of the circuit, as regulators, current 
transformers, end turns and coils of generators and transform¬ 
ers, and there cause damage by puncturing insulation between 
turns and causing internal short circuits. 

Against these high frequency disturbances of moderate volt¬ 
age, the only existing protection is the addition to the arrester 
of a capacity discharge path permanently connected from the 
circuit to ground. Such capacity path should be without resist- 
ance to flatten steep wave fr onts, and contain a moderate series 

3. A. I. E. E. Trans. 1915, Vol. XXXIV, Part II, p. 1857, The Ef¬ 
fect of Transient Voltages on Dielectrics by F. W. Peek, Jr. 
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resistance, to dissipate high-frequency energy and stop cumula¬ 
tive oscillations m their beginning. Before I leave the field of 
electrical engineering, I hope still to see an arrester, of the type 
of the oxide film or the aluminum cell, which has no spark gap 
u is permanently shunted across the circuit, and thus capable 
o a mg care not only of over voltages, but equally well of steep 
wave fronts and high-frequency oscillations, even if of lower than 

protection. T ° Itage ’ S ” Ch “ ““ the ” ’ vou,d P™ ™«nKll 



Presented at the 34 th Annual Convention of 
the American Institute of Electrical Engineers, 
Atlantic City, N. J., June 27, 1918. 


Copyright 1918. By A. I. E. E. 


THE OXIDE FILM LIGHTNING ARRESTER 


BY CROSBY FIELD 


Abstract of Paper 

The oxide film arrester is a new type of lightning arrester made 
up of a film of insulation in contact with a conducting powder. 
Upon the application of over-voltage, the insulation will be 
pierced, but the powder will very rapidly turn into insulation and 
plug any holes punctured in the original insulation by the over¬ 
voltage, thus forming in substance a resealing insulation. A 
brief. description of this arrester is given together with the 
principles underlying its action and a comparison with other 
types of lightning arresters._ Mention is also made of other char¬ 
acteristics of this combination which are not used in the present 
arrester, but which are being applied in other developments. A 
few notes of tests on the commercial arrester complete this paper. 
With the exception of the basic patents issued to the author this 
is the first time any disclosure has been made of this arrester. 


T HIS paper will be confined to a brief statement of the scien¬ 
tific principles underlying a new type of lightning arrester 
called the “oxide film arrester.”* The functioning of this arres¬ 
ter depends upon the fact that certain dry chemical compounds 
can be changed with extreme rapidity from very good conductors 
of electricity to almost perfect non-conductors by the applica¬ 
tion of a slight degree of heat. Lead peroxide is a good example 
of such a substance. It has a specific resistance of the order of 
one ohm per inch cube. The resistance varies with the pres¬ 
sure to which it has been compressed. At a temperature of 
about 150 deg. cent, the lead peroxide (Pb0 2 ) will be reduced to 
red lead, commercially known as minium (Pb 3 0 4 ). This has 
a specific resistance of about 24 million ohms per inch cube. 
At slightly higher*temperatures this minium will be reduced 
through the sesquioxide (Pb 2 0 3 ) to litharge (PbO), which last 
named is practically an insulator. [A megger reading of in¬ 
finity is obtained on a column 3 millimeters long (0.11 in.) and 
5 square millimeters area (0.2 sq. in.)]. 

Again the oxides of bismuth give similar characteristics. There 

*U. S. Patent No. 1,238,660—Crosby Field. 
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are, furthermore, several other compounds and mixtures of 
compounds that will give these same results. 

Lead peroxide is normally in the physical state of a powder 
If this powder be placed between two electrodes and a current 
passed, the temperature due to the resistance at the contact of 
the peroxide and the metal will cause heat to be generated locally 
at the surface. When this heat is sufficient to create a temper¬ 
ature of about 150 deg. cent, a film of the lower oxides of lead 
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ilar, varying only with the voltage at which puncture of the 
film of insulation occurs. 

The foregoing statements define the principle of the commer- 



Fig. 2 

Shows the disassembled parts of a single cell of the oxide film lightning arrester. From 
left to right are a steel disk spun on a ring of porcelain, a pile of brown peroxide of lead, the 
other steel disk and an asbestos washer. 


cial oxide film arrester. Fig. 1. It comprises two sheet metal 
electrodes, set about 0.5 in. (12.7 mm.) apart, one or both cov¬ 
ered with a thin insulating film and the space between the plates 



Fig. 3 

The comparative volt-ampere characteristics of the oxide film cell and the a-c. alumi¬ 
num arrester cell. The oxide film has only a few milliamperes of leakage current up to the 
critical film voltage when the film gives way more suddenly than the film in the aluminum 
cell. The critical voltage of the oxide film can be made approximately as low as the hy* 
droxide film on the aluminum cell. 


filled with some such substance as that described above, as, for 
example, lead peroxide. Fig. 2 shows the disassembled parts of 
a single cell. At a permissible voltage of 300 volts per cell the 
insulating film prevents any appreciable current flowing under 
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This film can be made of litharge itself, as well as any of the 
insulating materials above named. For example, metal plates 
may be inserted in any of the well-known lead electroplating 
solutions, and thus a very thin lead peroxide film (measuring 
a few hundred thousandths of an inch) formed. By proper 
heating this will be changed to litharge and this form of elec¬ 
trode can be used.« Peroxide may also be sprinkled over any 
metal plate and the plate heated, which will reduce the per¬ 
oxide to litharge. Again, the metal chosen for the electrode 
itself may be lead and if heated in the air a thin film of litharge 
will be formed on the surface. Again, an aluminum electrode 
may be put in any of the common electrolytes, and a thin alu¬ 
minum film be built up. This may be used with the peroxide 
powder. Of these methods of forming the film the most pre¬ 
ferable is by dipping in varnish or lacquer highly burnished 
surfaces of brass, steel, or copper, and is consequently used in 
the commercial arrester. The ohmic resistance of the arrester 
during discharge is quite low (less than 1 ohm per cell). Thus, 
when the insulating film is punctured the arrester offers very 
slight impedance to the flow of energy at abnormal voltages. 

There is a certain range of voltage necessary to pierce any 
given insulation. The exact voltage depends not only upon 
the thickness of the insulation and its dielectric strength but 
also on the relation of the dielectric spark lag to the duration 
of the super-spark potential and the frequency of alternations 
of the transient surge. 

If an arrester is to give protection of insulation in shunt with 
it, the arrester must relieve the abnormal electric pressure before 
damage is done to the insulation. Although tests are frequently 
made with the arrester and the insulation it is to protect in 
parallel, a more convenient method has been standardized and 
is known as the equivalent sphere gap test. Both the insulation 
and the arrester are compared by comparing each to the equiv¬ 
alent sphere gap. 

The equivalent sphere gap of the oxide film arrester may be 
analyzed, as in other cases, into separate and distinct parts. 
First, there is the equivalent sphere gap of the main gap in series 
with the cells. Second, the equivalent sphere gap to initiate 
a discharge through the insulating film on the plate surface of 
the cell. Third, there is the equivalent sphere gap of the resist¬ 
ance drop of the current discharging through the powdered 
peroxide in its path. Fourth, there is the equivalent sphere 
gap of the inductance of the arrester. 
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Commenting on these factors in their relation to this arrester, 
the main gap is itself a sphere gap which has the fastest spark 
of any practical gap. The gap setting, like that of the aluminum 
arrester, is only slightly above that of the normal voltage of the 
circuit. 


The equivalent sphere gap of the film is several times greater 
than the thickness of the film because solid material has a greater 
dielectric spark lag than air, but with this multiple of the thick¬ 
ness of the film the equivalent sphere gap is still low. Since 
peroxide is a good conductor, the series resistance in the path 
of the discharge is insufficient to give an undesirable voltage 
drop. As to the inductance of the arrester, it has a minimum 
value due to the fact that each cell is only 0.5 in. long, as shown 
m Fig. 1 , and these cells are placed one on top of another. In 
other words, the total length of the arrester (which constitutes 
the inductance) is short as compared to the necessary length 
of conductor from line to earth. 

One of the obstacles that had to be overcome in the making 
o this arrester was the increase in the resistance after a great 
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current the power factor is nearly unity. For special purposes 
however, the power factor can be made anything desired from 
10 per cent, to unity. This is obtained by combining with the 
conducting oxide other non-conducting materials. This princi¬ 
ple has been made use of for condensers but it has not been found 
desirable to incorporate it in the arrester. 

To summarize—an arrester operating under a new principle 
has been made which comprises in essence one or more metal 
electrodes covered with an insulating film, and separated by 
a conducting powder, which has the peculiar characteristic^ of 
becoming a non-conducting powder upon the application of 
heat. Voltage higher than that which can be withstood by the 
insulating film punctures it in one or more points of about 0.005 
cm. diameter. Dynamic current flowing gives a high current 
density in the conducting powder adjacent to these punctures 
which in turn heats it up rapidly, reducing the powder to a non¬ 
conductor, and sealing the holes in the film. The powder be¬ 
ing a poor heat conductor localizes this action, so that very little 
more powder is reduced than is actually necessary to seal up 
these minute punctures. 

The critical spark voltage and that part of the equivalent 
sphere gap controlled thereby is a function of the thickness and 
kind of material used for the film. 

Comparison of the “Oxide Film” with Well Known 

Arresters 

The earliest form of non-electrolytic film arrester was known 
as the dry aluminum arrester.* It was a direct attempt to 
utilize the dry film which forms on the surfaces of pure aluminum 
immediately after it comes in contact with the oxygen of the 
air. The hydroxide film is easily formed in electrolyte and 
on’ drying becomes a dry film which gives sufficient action to 
prevent a discharge up to a given critical voltage, depending 
upon the thickness of the film. The film can also be formed by a 
spark or arc of a conductor in contact with a plate. Naturally 
this conductor should be of a non-metallic nature. In the earliest 
form tried powdered carbon was used mixed with dioxide of 
manganese which gives a liberal supply of oxygen at the heated 
point. 

One of the objects of the development of this arrester was to 
decrease the cost of manufacture and it was found with the new 
principle involved in the oxide film arrester, where the powder 


* U. S. Patent, E. E. P. Creighton. 
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furnishes the film rather than the plate, that the aluminum 
could be replaced by a cheaper metal, such as steel, and, as 
already described, the initial film known in the early stages of 
development as the “paint skin ’ 7 type could be furnished by a 
layer of varnish. On first sight, knowing the extreme thin¬ 
ness of the hydroxide film on wet aluminum cell it might not 
seem that the dry cell would give the same general characteristics 
as the wet cell. But a comparison of the volt-ampere curves 
shows the same general characteristics. For a-c. voltages of 
300 volts average per cell the current in the dry cell is of negli¬ 
gibly small value up to 40 milliamperes. The power factor is 
nearly unity and the current flow is due to very slight leakages 
through the films. In the case of the aluminum electrolytic cells 
there is an equivalent condition, the d-c. leakage current of the 
order of one milliampere being due to leaks through the hydro- 
roxide film. In the a-c. aluminum arrester the leakage current 
on the plate area used is much greater due to the destructive 
action of the alternating current on the hydroxide film. Further¬ 
more, the wet cell with its thinner film is a condenser of appre¬ 
ciable capacitance which takes a charging current of about 0.5 
ampere at 60 cycles. When the voltage reaches a certain criti- 

"V? “ be,TC “ 300 “d <00 volts for the wet ahimi- 
m,m ee l and between 300 and 500 for the oxide film cell (or 

higher if the paint film is made thicker) the current is allowed 

Inee a of th“ eeH ■°°d Sh “d M ^ “ 1 “* resist- 

““ “V “ de If ndent of the Since the oxide film 

arrester has no dissolution of the film, as occurs in the wet 

wend^h " S “ f°l °” Iy ””"“ eSSarp b « undesir- 
tvhere there 'are no a^nts *° l0C « lities 

Although the wet aluminum -plate becomes frosted tn „ 

appreciable thickness by the passage of current in i« ■ f n 

actual thickness of the tn ° en ^ 111 l° n g use, the 

„ i , ess ot the him, as represented by the critics! 

age, is not changed. In the oxide film V. , ltlCa VO t, ~ 

film less than one 1 mil thick (0 09<5 m howev er> the 

by the addition of suc“essfve tots of ^ thickenS U P 

discharge Th;* Spots of llthar ge for each successive 

uiscnarge. I his represents the wear on „ i ? 

limits its total life. Pja. 3 show <5 o„ th arrester and 

characteristics of the oxide film arrester Tndrih^ V ° 1 1 t " ampere 

arrester. Since both of these arresters have aV *£' ' mmnuhl 
which wears the plates of tfio „ n , haVe a l ea b a ge current 

supplied, it is X L pre^tlffT'T C ” r “‘ 
gap in series with the «lls. ’ P ' 1Ce a Spark 

11113 spark g a P is set at a value 
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slightly above the normal potential of the circuit so that noth¬ 
ing but abnormal voltages will cause a discharge. 

The foregoing data show that the oxide film arrester has gen¬ 
eral characteristics closely like the standard aluminum electro- 
ytic arrester. It has the obvious advantage which comes from 

being dry rather than wet, it will not congeal and needs no 
daily charging. 

In making the characteristic volt-ampere discharge curves 
the oxide film arrester does not lend itself as readily to the test 
as. the wet aluminum cell. While its critical film voltage is 
evident, the change from no conduction to full conduction is 
more sudden. Therefore, the discharge rate at double potential 
is best shown by throwing double potential on the cell and sub¬ 
sequently reducing the voltage to its normal value per cell. 
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Fig. 6 

to lirsT^ow ree ® Xpu,sion fuses which short-circuit gaps in the path of discharge 

normal h ft- V ° !u Se ° n arreSter under test and then reduce the voltage to- 

winding. 7 S ' mS the COntacts on a transformer from full coil winding to half coil 


This gives a very considerable quantity of electricity through 
the cells and is a severe test. 

In order to conveniently alter the voltage from double value 
to normal value the circuit is arranged as shown in Fig. 6. The 
object of the connections may be briefly stated: A transformer 
with two coils in series impresses voltage on the arrester and 
then the contacts of the arrester are automatically shifted to 
one coil giving half the voltage. A heavy pendLm cte 
switch 5-1 and sets the oscillograph into operation. The full 
voltage on the transformer is thrown on to the oxide film arrester 
under test, marked O-F, which has a number of cells sufficient 
only for half the voltage of the transformer. In other words 
this throws double voltage on to the arrester and the heavy 
current passing through the cells causes fuse F-l to blow. The 
operation of this fuse short-circuits half the transformer and 
throws the other half across the arrester. This is done by 
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means of gaps and fuses as follows: When the expulsion fuse F-l 
blows, the conducting gases are shot into the open gap G -1 which 
closes the circuit through fuse F-2 to the mid-point of the trans¬ 
former. This short circuit on half the transformer causes fuse 
F-2 to blow and the hot gases discharging from fuse F-2 close 
the gap G-2 which throws the mid-point of the transformer on 
to the arrester through the switch 5-2 which is closed just pre¬ 
vious to starting the test. These several operations occur with 
a rapidity depending upon the size of fuses used. It is possible 



JT JLOr. 


on “ °^ e fita arreste ^ on double dynamic voltage initially and its recovery 

on normal voltage. The upper record with a peak voltage of 28,700 volts shows the arrester 

““ 2“ fZ ait “ ^ V ° ltage WaVe StartS t0 ^ tMrd peak The 

\ oltage immediately drops to the critical value of the cells—about snn Yt.J , 

record the current is seen to rise to 40 amperes. On reversafoflheVoltage to itsoZ 

the negative direction as shown by the upper record the current «« c h g h i 

record rises to 106 amner^ tu o *+ t,* ' . ™ current as shown by the lower 

J uru nses xo lUo amperes. The switching operations produce several electrn 

kicks as shown by the irregular voltage wave as it rises in the next c vc^tn iV^nn T f 

At this lower applied voltage the current in the series of cdls afthown W wlfre" 

cord, is 15 amperes. In the subsequent half cycle the currentrfsi TZ ll r 

the last half cycle of voltage shown, where the switching nl f • 8 amperes - In 

wave assumes its normal smooth form, the current in the ceUs is too smanT 

by the oscillograph. Its value is of the order of milUamperes Tb ° r • ^ reS,stered 

oscillogram. The copy was made desirable by overlapping If thl / t * °° Py ° f l" 
two ends of the film. y erla Ppmg of the discharge on the 


^lT nS d° throw mo “ ent arily 22,000 volts on an 11,000 
t arrester and note the character attending its discharge and 

recovery. Fig. 7 shows such an operation on an oxide film arrcc 
ter. The initial discharge current nn ox ide film arres- 

first half-cycle due to the point it strikes in the descend wave 
dunng the second half-cycle it is 106 amperes After SS I , 
half-cycle the litharge film has so rnmnST , f thlrd 

of discharge that the current is too small ^ ^ 

gram. The leakage currpnf ^fin ^ • usciuo- 

of a fev milliamphes. gap is of th « 
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scvsswn on The Oxide-Film Lightning Arrester” 

(bTEINMETz) AND The OxiDE-FlLM LIGHTNING ARRESTER” 
(.field), Atlantic City, N. J., June 27, 1918. 

Steinmetz: As Mr. Field’s paper represents the state 

it ; ™°* kwl }en he left this field a few years ago, I wish to bring 
it up to date m a few words. 6 

tiidtv t if e tH 1 ' S fii? age ° f j Mr ' Field ’ s paper he refers to the resis- 
tivity ot the filler powder as one ohm per inch cube. At pres¬ 
ent this resistivity has been reduced to 0.1 of an ohmper 
centimeter or 0.4 ohms per inch cube, that is, 25 times the 
conductivity and correspondingly increased discharge rate, 

na as a result thereof, the resistance is materially less than 0.1 
0 x 11 x 1 per cell# 

At the time that Mr. Field left it was found by laboratory 
experiment that there is an increase in resistance, after a great 
many heavy discharges made on the arrester in the laboratory - 
resulting m a gradual, though noticeable, increase of the equiva- 

Tht S ' mT e # a &’ I nd res V^ in ? dec rease of the protective action, 
i ms, Mr. rield has explained by the production of gas by the 

discharge causing a fluffiness, and as a contributing cause by 
nf'trf e< lY Ctl 0 n ^ 0 f i the i actua l section, by the increase of thickness 

of the film and aiso the wearing action of the leakage current. 

This feature was, indeed, the one which led me in my paper 

nlaim? er n 5 0 Q t fi e f ece .^ slt 7 oi . industrial experience-in existing 

since with Q i? nal Virion lightning protective apparatus, 
t d all our skill and ability and thought, we cannot 

F reproduce the actual conditions, and this was one of 
the reasons which led us to hold back the arrester in order to get 

t.n ^ f0rmat101 ? ° n j tS llfe i and - 1 am & lad t0 say that after two 
years of industrial service, and after the arrester has 

taken'iTJ tF °nsands of heavy discharges, cells have been 
taken off and retested, and we have found no increase of re- 
sistance and no increase of the equivalent spark gap. 

Although we have thus not found how long a life the arrester 
I, we h^- ve evidence that the life of the arrester, if it is not 
acc.dentaUy destroyed, is so long that in two or three yea,? 

occuS nal SerV1Ce n0 appreciable or measurable deterioration 

After finding this out by experience, we could realize, why our 

SinTouslv 01 t / e P r ® sentat if of industrial practise. We pissed 
tnuously a.nd m rapid succession very many thousands 

duces I Y 1 itt^ harg6S th , rou 1 f l1 i1: > and since eve ry discharge pro- 
duces a little gas, gradually gas must accumulate, and finally 

f- 1 - separation of the particles, increasing the resistance' 

M J q rt nt Spark gap ‘ In nature> however, we have 
individual discharges, or even a large number of discharges 

following each other, but then followed by a period of rest 

wW n tV, he - gaS prodl f ed ® an be dissipated, and that is the reason 
foSd’T 8 ?- equivalent spark gap did not occur, and so 
* a [^ e jfve found m two or three years no evidence of deterior- 
ation of this arrester under industrial service. 
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With regard to the wear produced by the leakage current. 
Such a wear exists m the aluminum arrester, where the leaks p-c 
current 1S an electrolytic current, but it does not exist in the 
d ® ® lm a rrester, as th ® conducting material is of that class 
of conductors which I have called pyro-electric conductors 
haying a definite metallic conductivity at ordinary temperature’ 
which, only at high temperature changes to electrolytic con¬ 
ductivity, and therefore this leakage current does not deteriorate. 

s regards the discharge rate, I want to call attention to the 
oscillogram on the last page of Mr. Field’s paper, which as he 
states, shows the characteristic of the arrester in holding back 
the normal circuit voltage, and discharging with oracticallv 
no stance the over-voltage. In thif otcfflopam“£bte 
voltage has been thrown on the arrester, taking the discharge 
dropped the voltage, not to nothing, as a short-circuiting arrested 
■ ^ 1. t’ * h ," S ”?* short-circniting the machine powS tul 

SSjhSeTo^afont^ 3 ™ °' 'r ted thfcSfenf 

aiscnar^e is only about 100 amperes, but this does not rpnrp 

sent what we call the discharge rate of the arrester which is 

Srce C nt r fn thTs hlCh •iT° Uld PESS at d ° uble volt£ « e ’ because tiie 

2“ Lf l oscillogram is not the current taken at double 
ob y e ; but at ve ry little above normal voltage. • 

The test to really find the discharge rate of the arrester is 

IwT^ii 0 ^] 6 V0ltage with 50 much Power back of it 

that the voltage does not drop, and it is a difficult test because 
it requires an enormous power supply back of the 1 ’arrester 
and therefore I cannot give vou entirely definif-A x. 0 i u- I 
only the information that the discharge cuien,^aCdnuhflTlt “ 

iLrTlf 7 1000 ‘ m >* res ' and“entl„ hSht 

that of the aluminum arrester and the nrofor+iAV, I &T “Jv 3 
S'?„s“r° r at kast fully “ h '« h ' as that by the aS 

mine ilte C V’iSlSicK S’ S C0 “ i ” ued doyolop- 

ation on tests and performances of fhis a"e s r t e er COmP mf0nt “ 

arrester,' haTbe'en “o™ V'SSs “f f ’ al , ,ho " sh ».'«» 
to be very reliable^ aid to give eac^L? “ t,en , e , nce 

many tests have been made on this arcestet ^ ^ i° n ' V f y 

“e suyetted .n't 0 Td 0ry t all h he ° P ' ratin£ “■tdit‘“n“”rt £ig£ 

operation would be successful" £f “iCClIft CiS'CbC'C '* S 
Moreover, complete data have been obtained by m ean^nf% Y ' 

C arm recorders attached to the maioritv of^t f f i 1S " 

which have been installed to date. We hove^n 

o give an account of the extensive laboratory fpsto a P a P er 
mg results which we have obtained ° rat0r> tests and °P e rat- 

anpJhVe'S S 

ers have been installed. * 1 1 0xide film arrest- 
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*In addition hereto, 10,000 cells are in production and will be installed during the present 
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In addition to these cells, we installed in 1914 about forty 
650 d-c. “0 F” arresters on electric cars and car circuits. These 
arresters were of a preliminary type and of different design 
than is used at present. These first experimental units gave 
excellent results and many are still in operation. 

As noted from the table, we installed the first high-voltage 
arresters in 1915 and since then we have gradually increased 
the number of installations and added an outdoor design. I 
wish also to call attention to the great number of cells we have 
used for development work. These 8000 are of the present 
cell construction before this design of the present cell was 
perfected, a great number of preliminary units, of course were 
used in the development. About three-quarters of the instllla- 
ions a present are equipped with a discharge alarm recorder 

tba * ,T e + h fY e definite information that the arresters are 
successfully taking care of all kinds of disturbances. 

i think it will be of interest at this time to say a little more 

ZS? 0f an ? s ? r - ™ s ™ someth! 

seouentfv i fr ° m . Moratory tests alone, and con- 

t to learn what effect actual operating 

desirable to nnhliVi aV6 ° n ce j s> before we considered it 

"'o S h of the f r st “ fa diftieSt S": 

arresters had bern ?o ™ r f? nrn 'd to us for test after these 
'lyhad^ot 1 ^ 6 cells A owed that th e initial equivalent sphere 

taTrincSaS S'oS 6 °Y C,e 

cells to give excellent thmtA^* End . 0SClll °^ rams showed these 
interior of the cells wS ? 10n againS ]; a , SUrge volta 8:e. The 
tion of the filler in fkcT h th? ° Pen £ d ’, sh ° Wed no deteriora- 
as new cells fS amesters frn^ S a ^ ol + \ were exactly as good 
were equipped with dkrhlZl i whlch these cells were taken 

m each case since the arrester was installed ischarges 

meaSlK ° ne com P lete P ha se from each of the two arrests 

sand discharges from the ditharge^laif 5 ^ 1 ? th ° U ‘ 
over operators in each statin-n al f rm recor der, and more- 
particular arresters were known to h! Pt V Ca j reful rec °rd so these 
operation. Initial eq^vaS snher. &d m ° rS than normal 
a complete phase as a whole showed * ga | P n ? ea .® urem ents on 
obtained with new cells. Some of th^ Ue simdar t° what is 
detenoration at all could be seen. f th lls W6re °P ened and no 

ns aS? ijevery Stle to^t^no^dete? 3 ^ ^ Sn returned to 
value of the cells or of the interior ^^ TV n the Protective 

By having cells returned from a^l tf ^ haS been found - 
- wdl eventually learn what the^Sg? 7e 
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under normal service should be, and at present there is every 
indication that the life of the oxide-film lightning arrester is 
at least as long as that of. any other lightning arrester. 

L. W. Chubb: I would like to know whether tests have been 
made to find out whether one point heals up and an entirely 
different point breaks down, on a heavy discharge, or whether 
the first place that breaks partially heals up and progressively 
breaks down along the edge causing the point of discharge to 
travel along like the wandering of an arc on an electrode. The 
reason I ask is because, if the original puncture heals completely 
there must be an interruption and rise of voltage in order to 
break down .a new point of the film. If the electrostatic charge 
of the film is not sufficient to heal one spot the voltage must 
drop and rise with each successive puncture giving an inter¬ 
rupter action and dangerous conditions similar to an arcing 
ground. The electrolytic arrester has enough capacitance and 
stored energy to heat a scintillation or breakdown without an 

appreciable drop of voltage and thus gives the true counter 
e.m.f. effect. 

The oscillograms Figs. 3 and 4 in Dr. Steinmetz’s paper, 
show the discharge of an electromagnetic field, without and with 
the arrester in shunt. In the first case the voltage rises to 7000 
volts, in the second case the voltage rises to the gap voltage 
of 2200 volts and then drops to 560 volts, after the arc is es¬ 
tablished. The gap, of course, has an arc drop of approximately 
50 volts, leaving about 510 volts creating a current of 22 amperes. 

I cannot understand how the resistance per cell can be as low 
as one ohm or 0.1 ohm per cell in view of this result. The os¬ 
cillograph is too slow to follow very high-frequency oscillations 
and therefore gives only a smooth mean curve. 

One of the advantages of the electrolytic type of arrester is 
the presence of high capacitance. In many cases high-frequency 
and steep-wave-front impulses can be discharged across the 
gap and absorbed without great rise of voltage or piercing of 
the film. I would like to know whether the new arrester has 
sufficient capacitance to obtain this condensive effect. 

In both papers the equivalent spark gaps of different parts 
of the arrester are mentioned, but no figures are given. I would 
like to know what the equivalent spark gap of the arrester is. 
It seems that a varnish film which will hold line voltage so as 
to extinguish the gap after discharge will require several times 
line voltage before it pierces on an impulse, as the impulse ratio 
of solid dielectric films is known to be very high. 

. c - Allcutt: About the only point I want 'to mention 
m connection with Dr. Steinmetz’s paper is the matter which 
Mr. Chubb brought out regarding. the electrostatic capacity. 
As far as I can figure from the dimensions given, and from 
certain figures regarding the charging and leakage current 
of the arrester given by Capt. Field, the capacity of the oxide 
film arrester is in the neighborhood of 0.01 of the capacity of 
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the aluminum arrester, and as a condenser, its effect in dis¬ 
charging impulse voltages would not be very great. Apparently, 
it would be necessary, in discharging an impulse, to have that 
impulse actually pierce the dielectric film of the arrester, 
which might be expected to involve some time lag and some 
decrease in voltage. The difference in capacity is very great, 
and in that point, certainly the oxide film arrester does not 
possess all of the advantages of the electrolytic arrester, as it 
would seem. 

C. P. Steinmetz: I will answer the three questions asked. 
Whether the puncture occurs at the film or a sealed-up puncture 
hole, is merely a question of probability. In resealing after a 
discharge the litharge spot thickens up so as to hold back the 
circuit voltage, and it is merely a question of probability whether 
the next discharge which punctures goes through an unbroken 
film or through a litharge spot, since just as in the aluminum cell, 

the resealed puncture hole is of the same strength as the rest 
of the film. 


As_to the capacity effect:. The capacity of the cell is higher 
than it was in Capt. Field’s time, due to the decreased resistance 
of the film, but it is less than that of the aluminum cell. The 
capacity at normal frequency is of less magnitude than the 
resistance, but it is, as you see from the construction, suffi¬ 
ciently large to act as a capacity path for those extremely 
steep wave fronts, and extremely high frequencies at which the 
time lag of the insulation comes into consideration, though at 
OU cycles the capacity is practically negligible. 
oc ^- e os cdlograms of the impulse voltage given in my paper 
• r ^ an ^ S are identically the same kind as would be * 

q an a ^ uminur n cell, that is, the impulse voltage rises to 

drnnAn £ Vn V0 -f ge n the gap ’ and at that .Point the voltage 

SaLe (too Trrnb T? ge ’ 560 V ° ltS is not thc rC ’ 

acr ? th 5 jester, but is what you might call 

bach tit electromotive force of the arrester”, which holds 

cSenf raSA^rT V ° v g t the volta S e of thc direct- 
,, railway generator which w r as on the circuit Thi« 

cen U andTis 111 th e same wa y with the aluminum 

chLeihe C h raC T 1StlC ° f this ty pe a ^ster not to ' 

But fhm thTTollows^nA 6 ,- V agS ’ T Ut ° nly - over-voltage, 
ance. The discharge rpchtJ 1 ^ r . egar d m S the discharge resist- 

excess voltage ovefth? normal 13 . obtained 1+ by dividing the 
charge current. C1FCUlt volta £ e ’ b y the dis- 
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THE DESIGN OF TRANSPOSITIONS FOR PARALLEL 
POWER AND TELEPHONE CIRCUITS 


BY HAROLD S. OSBORNE 


Abstract of Paper 

This paper presents the results obtained in a recent design of 
transposition systems for telephone circuits exposed to induction 
from circuits of other kinds, particularly from three-phase 
power circuits, and the. coordinate arrangements of trans-* 
positions in the power circuits. The new arrangements are 
the result of a systematic, investigation of the degree of flexi¬ 
bility which could be obtained in the coordination of telephone 
transpositions and transpositions in outside disturbing circuits, 
particularly three-phase power circuits. 

In presenting the results obtained, a discussion is first given of 
the requirements which must be met by systems of transpositions 
for telephone circuits in general, and by the new “exposed line" 
system in particular. An outline is given of the methods used 
in the design work and the theory upon which it is based. The 
diagrams in the paper show the arrangements of transpositions 
for all circuits on eight crossarms of telephone line. The results 
to be obtained from the use of these diagrams are outlined, 
and the suitable locations of coordinate transpositions in parallel 
power circuits are discussed. 

The application of these and other arrangements of coordinated 
transpositions to .specific cases must take into account the vari¬ 
ations in separation and other changes in the power and tele¬ 
phone circuits. It is considered to be beyond the scope of the 
present paper, to go into a discussion of the problems involved 
in these specific applications. 


Introduction 

IN a well-engineered telephone system the power transmitted 
* into a long-distance telephone circuit is almost entirely ab¬ 
sorbed in line losses. The circuit terminates in that marvelous 
little electric motor, the telephone receiver, which requires only 
a few millionths of a watt for its operation. As the power de¬ 
livered to the line by the telephone transmitter may be measured 
in hundredths of a watt, only a fraction of one per cent of the 
transmitted energy need be received at the far end of the line. 
This is fortunate, for as the telephone currents are of relatively 
high frequency, the energy losses suffered by transmission over a 
given circuit are very much greater than would be the losses for 
60-cycle current. Moreover, the telephone currents must be 


897 



S98 


OSBORNE: TRANSPOSITIONS 


[June 27 


. , „„ Q+ It has therefore been 

carried over very great distances. « -Wplnnmv 

necessary to do an enormous amount of work m develop g 

. • 'rr fhp efficiency of long telephone circuits in 

means for increasing the emciency or m s v 

order that country-wide service may be given w 

conductors which should not be prohibitively expensive. 

The large ratio between the energies at the transmitting end 
and at the receiving end of a long distance telephone line imposes 
very severe limitations on the amount of inductive effect wh 
can be permitted between different telephone circuits. If the 
transfer of energy between two circuits is more than a milliont 1 
of the energy transmitted there is danger that one can overhear 
on one circuit what is said on the adjacent end of the other. T is 
must of course be avoided, and ah even stricter limitation of the 

transferred energy is desirable. 

The method which is used to prevent excessive transfei of 
energy between telephone circuits on the same pole line is the in¬ 
stallation of a systematic arrangement of transpositions of the 
conductors of each circuit. 

Present standard telephone practise for open-wire circuits 
provides ten wires spaced about one foot (0.3 m.) apart on a 
crossarm and any number of crossarms spaced two feet (0.6 m.) 
apart on a pole. The currents carried by these circuits are of 
very high frequency compared with those used in powei practise 
and tend to make much of small mutual impedances or admit¬ 
tances between the circuits. It is small wonder then that when 
in 1886 the first long distance telephone line was built between 
New York and Philadelphia it was found that, listening at the 
distant end, an observer could not tell which circuit was used for 
transmission but could hear equally well on all of them. Ihe 
systematic study of telephone transpositions began at that 
moment and has continued until the present day. 

One factor which has much complicated the study of tele¬ 
phone transpositions is the common use of phantom circuits. 
These are more accurately described by the French terms 
derived or superposed circuits. A phantom circuit is formed by 
superposing a third circuit on two 2-wire telephone circuits 
called the side circuits of the phantom. The phantom and its 
side circuits thus use the same copper conductors, and it is evi¬ 
dent that great care in balancing the inductive relations is 
necessary to prevent the transfer of energy between circuits so 
intimately related. 

Long distance telephone lines have not grown up without 
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neighbors, and in the design of telephone transposition systems 
it has been necessary to take them into account. Telegraph 
systems and power transmission systems have been contempor¬ 
aries with the telephone system in the process of development. 
These systems have not in general been obliged, for any reason 
of their own, to restrict their electric and magnetic fields as has 
been necessary with telephone circuits. From the first, however, 
the limitation of the effect of these outside fields has been a 
factor in the design of telephone transposition systems. 

It is evident that when a telephone circuit is paralleled by an 
electric power circuit carrying hundreds or even thousands of 
kilowatts, the mutual inductive connection between the two cir¬ 
cuits must be extremely minute if we are to avoid induction in the 
telephone circuit of power of the same magnitude as that of 
the voice currents or even much more. In fact, this difficult 
problem would probably be quite impractical of solution if we 
had to rely alone upon balance produced by transpositions. 
Fortunately, another very weighty factor works for the solu¬ 
tion of the problem. The fundamental frequency of commercial 
power circuits is out of the easily audible range and quite out of 
the range of frequencies which® the telephone line must transmit 
in order to reproduce intelligible speech. As a matter of fact 
the noise produced by power circuits in telephone circuits is 
practically not at all due to the fundamental but due to the 
harmonics or high-frequency components of the power circuit 
which lie within the range of telephone frequencies. The energy 
represented by these harmonics is represented by kilowatts or 
even by watts rather than by thousands of kilowatts. In spite 
of this fact the degree of balance required in cases of close parallel 
is very precise indeed. 

Of all the means used to reduce the inductive effect between 
power circuits and telephone circuits the coordinate trans¬ 
position of both classes of circuit is probably the most generally 
important. The application of this means to parallels between 
telephone and power circuits is in practical cases attended with 
difficulties because instead of two circuits running accurately 
parallel for long distances the separation usually varies at 
frequent intervals and very irregularly. 

The usual case, in which the power circuit is three-phase, 
presents another complication which is fundamental to this type 
of circuit. The telephone circuit is a single-phase circuit and 
its conductors have only two relative arrangements on the pins. 
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The three-phase circuit has three possible arrangements of its 
conductors on the pins, and three sections of line, each with a 
different arrangement, are necesssary for what is called a “barrel” 
of the power circuit. The combinations of relative pin positions 
of the two circuits when both are transposed are, therefore, six 
in number. The difficulties introduced by this relation have 
been discussed in an earlier paper* before the Institute. 

Although the importance of neutralizing as far as practicable 
the effect of outside circuits has always been a factor in the de¬ 
sign of transposition systems, the possibilities of coordinating 
the telephone transpositions with the transpositions in three- 
phase power circuits were not at first fully developed. With 
the great growth in both telephone circuits and three-phase 
power circuits this matter has been growing rapidly more im¬ 
portant in telephone transmission. 

In connection with the very extensive investigations of the 
Joint Committee on Inductive Interference in California it was 
therefore considered advisable to undertake the development of 
a new system of telephone transpositions which would embody 
the maximum possibilities of coordination of transpositions in 
the two classes of circuit. There has resulted from this work a 
system of transpositions known as the “exposed-line” transpos¬ 
ition system. 

Outline of Methods of Design 

The design of a transposition system requires the mastery of 
a very difficult and complicated technique. It is attempted 
here to give only a general outline of the methods employed 
and some of the difficulties encountered and overcome. Some 
of the mathematical work is given in the appendices. 

Conductive and Inductive Connections . The mutual connection 
between two circuits may be of any of the following characters 
Resistance 
Leakage 
Inductance 
Capacitance 

Two circuits may be said to be unbalanced with respect to 
each other by a mutual connection of any of the four above 
characters when the mutual connection enters into the circuit 

in such a way that current in one circuit tends to cause a current 
in the other circuit. 

~*Inductive IbterfmnZ 7s a Practical ~P^bk^, Messrs. Griswold & 
Mastick, Transactions, A. I. E. E., Vol. XXXV, 1916, p. 1051 



1918] 


OSBORNE: TRANSPOSITIONS 


901 


By resistance and leakage we denote conductive connections 
respectively series and shunt. Although two metallic circuits 
which have no resistance in common cannot have a mutual re¬ 
sistance unbalance, care is necessary to avoid a mutual re¬ 
sistance unbalance between a phantom and its side circuits. This 
is however a matter apart from transpositions. The leakage 
from telephone circuits is almost all directly to ground. This 
is normally kept very low because of the large effect which high 
leakage would have upon the efficiency of the circuits. For 
these reasons leakage is not an appreciable factor in the inter¬ 
ference between telephone circuits, except under abnormal con¬ 
ditions, such as those produced by baling wire thrown over a 
telephone line. 

Two circuits strung side by side have both mutual inductance 
and mutual capacity unbalances. The two terms represent 
the coefficients by which are measured the unbalanced action of 
the mutual electromagnetic and electrostatic fields respectively, 
and both represent inductive rather than conductive effects. It 
is the purpose of transpositions to correct for these as largely as 
may be. 

Inductive Effects Between Telephone Circuits . The general 
equations for the mutual inductive effects between long parallel 
circuits are hopelessly complex. For the benefit of those inter¬ 
ested a discussion is given in Appendix A of the mathematics by 
which these inductive effects may be computed in some simple 
special cases. In Appendix B are given equations for the most 
simple general case, that is, the case of inductive effects between 
two long symmetrical parallel wires with ground return. Ex¬ 
amination of equations (7) to (10) in this appendix shows that 
the current or voltage in either conductor is represented by the 
sum of two complex exponential terms. Little consideration is 
required to convince one that similar general equations for forty 
parallel wires would be impracticable either to establish or to 
use. 

4 

However, in studying the inductive effects between telephone 
circuits (commonly called cross-talk), use can fortunately be 
made of a beautiful simplification. Although the circuits are 
very closely associated on the same pole line, the requirement 
for good operation after the circuits are transposed is that the 
transfer of energy from one circuit to another shall be exceed¬ 
ingly small. This being the case, the reaction of the induced 
current on the inducing circuit is evidently negligible.' The prob- 
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lem can therefore be studied by computing the current and volt- 

age of the inducing circuit as though no currents whatever were 

induced in other circuits and then computing the inductive 

effect of these currents and voltages on each adjacent circuit 

under the assumption that no current flows in any of the other 
circuits. 

In order that this computation may be carried out, it is neces¬ 
sary that the coefficients of induction between the circuits be 
determined. The mutual inductance unbalance between all 
pairs of circuits on a 40-wire pole lead can be readily computed. 
It was estimated, however, that to compute the direct capacities 
between circuits would require the time of one man for at least 
ten years. It was therefore found much cheaper and more 
practical to make measurements of the capacities between the 
wires in a short section of line under construction. The results 
obtained in this way are given in Table I. 

Resultant Unbalance between Long Circuits. With the data 
and by the use of the approximations outlined above, it is pos¬ 
sible to compute the inductive effect between any two short 
lengths of telephone circuit on the pole lead. In carrying out the 
computation of the effects for long circuits, however, a compli¬ 
cation arises due to the fact that the current and voltage in the 
disturbing circuit are different both in magnitude and phase 
angle at different points of the line. The change in magnitude, 
because of attenuation effect, varies from 0.05 per cent to over 
0.5 per cent per kilometer on open wire telephone circuits of 
l erent construction, and the change in phase angle varies 
from a small value up to nearly 10 degrees per kilometer. Also, 
m the propagation of induced current along the disturbed cir¬ 
cuit to its terminal, this current undergoes a similar chance in 
magnitude and in phase angle. Therefore, the current induced 
between two circuits in one kilometer length of line cannot be 
perfectly balanced against that induced in another kilometer, 
length, and no matter how often or under what arrangement 
the transpositions are placed, they cannot serve to perfectly 
a ance out the induced effects. There is always a resultant 
effect which is known as the “type unbalance”. The trans¬ 
position system must be so designed that this type unbalance is 

kept below the desired limits for all combinations of the circuits 
on the lead. 

A brief mathematical discussion of type unbalance is given in 
Appendix C. ' • 



10-WIRE POLE LEAD. 
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The type unbalance does not measure the entire inductive 
effect between two telephone circuits, for this is contributed to 
also by another factor which is sometimes very important. It is 
impracticable to locate the telephone transpositions at exactly 
the theoretically correct points. In laying out a new line it is 
sometimes possible to set poles exactly at the theoretical trans¬ 
position point, and when this cannot be done the nearest pole 
is generally chosen as the transposition pole. However, the 
transposition itself occupies two pole spans. Moreover, small 
changes in separation of wires cannot be avoided, even going 
round a curve introduces a certain amount of irregularity in the 
separation of wires. These and other irregular factors increase 
the inductive effects above those due to the type unbalances and 
must be taken into account in designing the transposition system. 

Phantom Circuits. One factor which introduces a large com¬ 
plication into the design of transposition systems is the general 
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Pig. 1—Phantom Telephone Circuits 


use of phantomed circuits in long-distance telephone lines. 
This is standard practise for long distance telephone circuits, 
and makes it possible to obtain three circuits from each two 
pairs of wires instead of two. The principle involved in phan- 
toming is generally understood. The arrangement is indicated 
diagrammatically in Fig. 1. 

By the transposition of a phantom circuit the pin positions of 
its side circuits are interchanged, and the coefficients of inductive 
effect between the side circuit and other circuits on the lead are 
changed. In order that the phantoming may be possible with¬ 
out interference, it is therefore necessary not only to very care¬ 
fully balance the terminal transformers and other apparatus 
connected to the telephone lines, but also to use a transposition 
system that provides for a very high degree of balance of the in¬ 
ductive effects between the phantom and its side circuits and 
also between these circuits and the other circuits on the pole line. 
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:t .f e ! ldent that in designing the transpositions in the side cir- 
cui s it is necessary to take into account the transpositions in 

e P ant °“- For example, in the figure, side circuit C would be 

r? r 1 bal T C6d t0 Slde drCUit ^ if the trans Positions in these 
two circuits only were to be considered. However, the trans- 

duct* 0 ^ 7 the phantom circuits change the coefficients of in- 

shown n a ud Tr n r uits c and F in different parts ° f the 

shown and therefore prevent the transpositions in the side cir¬ 
cuits from balancing this section 



Pig. 2—Typical Arrangements of Transpositions 


thS 0i com P utin S the equivalent 

nhantomed 5 ^ , Unbalance between circuits which are 
pnantomed are given m Appendix D. 

nosition^svst-em* 7^ Standard telephone practises a trans- 
position system must provide for the phantoming of any two 

adiacentt 7 ! ad]acent pairs of circuits and any two vertically 
djacent pole pairs. The system must also provide that any of 

others' drCUitS ^ bS PW ° med and ^ 
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Typical Arrangements of Transpositions. In carrying out the 
design of a transposition system it is convenient and economical 
to arrange the transpositions for each circuit in accordance with 
one or another of a list of selected typical arrangements. In 
Fig. 2 are shown the types, 32 in number, suitable for use in a 
transposition section made up of 32 parts of equal length. 
Reading from bottom to top, the types are arranged in the draw¬ 
ing so that each type has one more transposition per section 
than the preceding type. 

The type unbalance between two telephone circuits is deter¬ 
mined by the relative transposition of the two circuits, that is, 
the points at which one circuit is transposed but not both. The 
typical arrangements of transpositions have the characteristic 
that the exposure between any two circuits so transposed can be 
represented by some other type; that is, the exposure between 
any two types is the same as the exposure between some other 
type and a circuit without transpositions. For example, ex¬ 
posure/ to k — exposure F to K =A, exposure J to m =&. For 
transposition sections divided into 64 equal parts, 32 more 
typical arrangements can be added to the 32 shown in the figure 
by adding a transposition at the midpoint of each elemental 
length of each type. 

Typical Arrangements for Exposed Lines . The purpose of the 
exposed-line transposition system is particularly to provide in¬ 
creased facility in balancing the induction from outside circuits 
in so far as this can be done by transpositions. The effect of 
outside circuits in inducing voltages between the telephone 
wires and ground which may be productive of very serious inter¬ 
ference cannot be remedied by transpositions in the telephone 
circuits, but can frequently be greatly reduced by transpositions 
in the outside circuits. The telephone circuit transpositions 
must be designed to equalize the voltages induced in the two 
sides of each telephone circuit with the greatest possible flexi¬ 
bility in the location of the transpositions in the outside cir¬ 
cuits. This imposes great limitations on the typical arrange¬ 
ments of transpositions which can be used. 

The outside disturbing circuits can be classified as follows: 

1. Non-transposed circuits such as telegraph circuits. 
This applies also to the residual components of current and 
voltage in power circuits. 

2. Two-wire transposed circuits such as single-phase power 
circuits. 
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3. Three-phase power circuits. 

In order that the disturbing effect of circuits of the first class 

may be reduced as far as possible, no typical arrangement of 

te ephone transpositions can be used whose type unbalance 

factor to non-transposedcircuits exceeds a certain value. This 

e lminates a few of the types having the least numbers of trans¬ 
positions. 

Two wire outside circuits can best be transposed in accord¬ 
ance with some of the typical arrangements for telephone cir¬ 
cuit transpositions. A balance to these circuits requires then 
at certain types be set aside for their use and that the ex¬ 
posures between the transposed telephone circuits and the out- 
si e circuits transposed in accordance with these types be kept 
below the limiting values set for type unbalance for these cases, 
c m erent complication in balancing the inductive effects 
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Fig. 3—Number op Typical Arrangements op Telephone Trans¬ 
positions which Coordinate with Three-Phase Power Lin ES Trans¬ 
posed with Different Lengths of Barrel 


between telephone circuits and three-phase power circuits 
arises, as has been noted, from the fact that a. three-phase cir¬ 
cuit has three different arrangements of conductors on the pin 
positions and a two wire telephone circuit has but two. There 
are, therefore, six combinations of relative pin positions of the 
two circuits, all to be used for equal lengths of line 

In considering the severe restrictions placed on the selection 

of telephone transposition types by the necessity of b al a n cing 

to transposed three-phase power circuits, the following conditions 
may be noted: 5 


line are very longi they can be made * 
ordinate with almost all of the typical arrangements by having each 
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noil-transposed section of power circuit, that is, each third of a barrel, 
equal in length to one-half or one-fourth of the telephone transposition 
section, for most of the typical arrangements balance within this length. 
This is shown in Fig. 3, assuming 12.8 km. (8 miles) to be the length of 
the telephone transposition section. Thus with a 19.2-km. (12-mile) 
power barrel the telephone circuits may be balanced for each 6.4-km. 
(4-mile) non-transposed length of the power circuit. However, as the 
length of the power barrel is progressively decreased to 9.6 km. (6 miles), 
4.8 km. (3 miles) 2.4 km. (1 A miles) etc., the number of typical ar¬ 
rangements of telephone transposition which can be used very rapidly 
decreases. 

2. If the barrels of the power line are very short, they may be made to 
coordinate with all the typical arrangements by having a complete barrel 
between telephone transpositions. In the case shown in Fig. 3 this re¬ 
quires a 0.4-km. (}/i mile) barrel. As the length of barrel is increased, how¬ 
ever, to 0.8 km. { l A mile) 1.6 km. or 3.2 km. (1 to 2 miles) etc., the number 
of typical arrangements of telephone transposition which can be used, 
very rapidly decreases. 

3. Barrels in the power line of relative lengths other than those 
mentioned do not in general coordinate with telephone transposition 
arrangements. 

As a chief requirement of the exposed-line system was that 
it should provide a maximum possible flexibility in the location 
of transpositions in parallel three-phase power circuits, this was 
made a matter of most careful study. The results obtained are 
outlined in the description of the system given in the next 
section of this paper. 

Determination of Limiting Permissible Exposures. Before 
the attempt can be made to select, from among the typical ar¬ 
rangements of transpositions which can be used,> a type for each 
telephone circuit on the lead, a table is made up of the limiting 
type unbalances which can be permitted between pairs of cir¬ 
cuits, assuming that a given limit of the induced current be¬ 
tween circuits cannot be exceeded. The procedure is as 
follows: 

1. A computation is made of the total amount of unbalance which 
could be permitted between each combination of circuits on the lead, taken 
two at a time. This unbalance is expressed in terms of the length of un¬ 
transposed exposure between the circuits which would give the limiting 
value of induced current, no current being induced in the rest of the 
circuit. 

2. The total allowable unbalance for each pair of circuits is reduced by 
a figure representing the unbalance which must be expected to arise from 
irregularities with the type of construction to be employed. 

3. The remaining unbalance represents the limiting permissible effect 
of type unbalance in a long length of line. 

4. From data regarding the attenuation of currents along the tele¬ 
phone circuits, and from the tQt&l limiting effect Qf type unbalance, & com- * 
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nutation is made of the limiting type unbalance per transposition section. 
This sets a direct limit on the relative exposure type between each pair of 

circuits. ... 

The Design of a Transposition System. With the information 
regarding the requirements of the proposed transposition system 
prepared as indicated above, the creation of a design which 
shall meet the requirements of maximum economy and efficiency 
is a problem requiring a great deal of skillful and conscientious 
application on the part of a trained expert.. The problem is of 
course one of selecting from the typical arrangements which can 
be used, the best type for each circuit such that the type unbal¬ 
ance between no two circuits will exceed the established limit. 

In order that a design may be complete it must provide for 
any number of crossarms on the telephone lead. However, it 
is generally desirable to take into consideration only four cross- 
arms at the beginning of the design. Considering all the cir¬ 
cuits, phantom and two-wire, which may be placed on the lead, 
taken in combinations of two there are about 2500 such com¬ 
binations on a standard 40-wire pole line. 

In carrying out the design of the exposed-line transposition 
system it was desired to make the requirements both of efficiency 
and economy as exacting as could possibly be met. These re¬ 
quirements were set, therefore, at the beginning of the work, so 
high that no design could meet them, and then gradually reduced 
until it was possible to complete the design. As the design de¬ 
pends on a number of interdependent requirements, this process 
not only requires a very large amount of work but demands the 
continual exercise of trained judgment on the part of the designer 
to bring about the mutual adjustment of requirements so as to 
produce the best final result. 

The process of determining whether or not a design can be 
established to meet a given set of requirements is very technical 
and will not be described here in detail. It involves a syste¬ 
matic consideration of all the possible arrangements. These 
possibilities are very great in number—about seven million in the 
case of the E section design—and are, of course, not considered 
individually, but in groups, and successive groups of possibilities 
are rejected when it has been proved that they could not meet 
the requirements. 

The systematic grouping of the possibilities, and the means 
adopted for the examination and elimination of the groups de¬ 
pends a great deal upon the experience and skill of the designer. 
* The general method which has been successfully employed can 
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be roughly described as a consideration of the design m steps. 
First the attempt is made other 

fP SSres) are provided with different typical arrangements 
(P exposures; are p requirements are con- 

of transpositions but in which other ba i ance limitations 

sidered. If this design is possible, the otner D aia 

rvP +V.P tvnes selected are added, one by one. 

When a design is finally reached it is usually found that any 

one of a considerable ™mber^ most economical 

h ft^rr^en1orZ^ Z determining upon the relative 
of these is cnosen 101 - ,< patent to 

p j:fl:„ rP nt designs, account is taken of the extern; to 
economy ot ainerenr aebiguo, . . • tele- 

t iCh ZhZ might be possible, in 

transposing existing lines, Ho ^ ^ 

as a part of the transpositions called for m accoraa 

new system. 

Exposed-Line Transposition System 

Ca Rhct rical Requirements. The exposed-line trans- 

Speaal Electrical 2 meet the fo n owmg special 

position system was design 

electrical requirements: exibility for the arrangement of 

p The greatest practmabl Sex* ^ ^ telephone eircmts, 

transpositions in power P 6i na.tmz with those in the 

the power circuit transposi b alan ce of the inductive 

telephone circuits so as to produce a ^ ^ 

effects. This requirement to be met toi -hransp 

three-phase circuits and m smg ® P uct i ve effects of tele- 

2 A suitable balance against the inductive enecr 

graph circuits or other ground return circuits paralleling 

telephone cir ^ s . . f interference between the tele- 
3 . degree of ™i e for modern high grade tele- 

P p!Te « ^Lection with loading and with tele- 

Ph aZlST^ireme„ S . In addition to these special require¬ 
ments, it must meet the following requirements for any satrs- 

faC l 5 xlTsystem must be arranged so that 
btCe between all circuits on the telephone line are 
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provided where there are discontinuities in line construction or 
in the parallel. In the case of open wire toll lines of the Bell 
telephone system, there must be neutral points at regular inter¬ 
vals of about 12.8 km. (actually 7.88 miles). In addition there 
must be neutral points wherever there is an important junction 
between telephone lines and at other points of discontinuity. It 
is, therefore, desirable that the system include a design intended 
for a maximum length of 12.8 km. and another design or de¬ 
signs for shorter maximum distances. 

2. Cost. The completed section must be designed for as 
low a cost as practicable without sacrifice of the electrical re¬ 
quirements. This means that as far as other conditions of 


For lengths between 12.8 Km. (8 miles) and the minimum distance 
Crossarms One to Four w ^j c | 1 w j|| permit of the necessary number pf transposition poles. 



Fig. 4—£ Section—Transposition System for Non-Phantomed 

Circuits on Exposed Telephone Lines 


design permit, the typical arrangements having the least numbers 
of transpositions should be placed on the circuits most often used. 
In general, it is desirable that phantom circuits have fewer 
transpositions than two-wire circuits as phantom circuit trans¬ 
positions are the more expensive. 

3. Transposition Poles. It is desirable that the transposition 
poles be as few in number as practicable not only on account of 
expense but because the use of large numbers of transposition 
poles limits the minimum length of a transposition section. The 
use of many poles may also tend to increase the induction be¬ 
tween telephone circuits due to irregularities. 

E Section and L Section. As a result of the study, two de¬ 
signs have been completed which are called respectively the E 
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section and the L section. Diagrams showing ^positions 
according to the E section for crossarms 1 to 8 of a pole lme 
shown in Figs. 4 to 9, inclusive, and according to section 

in Figs 10 to 15, inclusive. It will be noted by ex 
of the figures that the designs provide for the phantommg of any 
two horizontally adjacent pairs or of any two vertically ad¬ 
jacent pole pairs on the lead. In carrying out the designs pro 
vision has been made for extension if necessary o a y 

The E section is designed for a maximum length of appro - 
mately 12.8 km. It was found impossible to meet the electn 

For lengths between 12.8 Km. (3 miles) and poles. 

Crossarms One to Four wh - [ch w m permit of the necessary number of P . 

lst( M 
Arm 7-10 

;5-16 !.S 



2nd )i 1-14 
Arm 17- 20 | 

(21-24 
3rd „ 

Arm 27 " 30 
25-36 

Arm ) 31 "34 

' 'pppccEEEEEE-- 

Pnle EEEEEEEEEEEEEEttt 54 58 62 S 

Pole “ 1A I. io p? 26 30 34 38, 42 46 60 o* uo 

Lettering 2 6 10 14 . 18 2d _ 

Notes*- Line transposed in direction of arrow. 

The figure at each phantom transposition indicates the type 

Pir s £ Section—Transposition System for Phantomed Circuits 

0 ? eLo»o tLph,.. .or rHR»,o»,«o 

ALL Circuits 

requirements for this esse with the use of 32 ^ 

per section. It was possible, however, to design the.E sectio 
so that in the first four crossarms the non-phantom circuits an 
the phantom circuits which are most commonly used require only 
32 transposition poles, so that in some toll lines not exceeding 
four crossarms, the larger number of transpositronpote>mU no 
be necessary. For circuits on crossarms below the fourth and 
for some infrequently used phantomed circuits on the uppe 
crossarms, 64 transposition poles are required. 

The E section may be used for as short a leng 
supplies the required number of transposition poles. For 
distances less than 6.4 km., however, it is economical to use the 
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L section. It has just half the number of transposition poles 
for the corresponding circuits. 

When two or more L sections are used consecutively in the 
same loading section, junction transpositions should be installed 
at the S poles between them in order to reduce the induction 
between the telephone circuits. These junction transpositions 

are indicated in the drawings for as many as four consecutive 
L sections. 

Use ofE and L Sections on Exposed Lines. The results obtained 
m meeting the special electrical requirements regarding balance 

to the inductive effects of outside circuits are indicated in the 
following table: 



E Section 

JLj S ectio rt 

1. Element of section in which 
each circuit is transposed at 
least once, i. e. balances to a 
parallel non-transposed disturbing 
circuit. 

8th Section 

Quarter-Section 

2. Neutral points suitable for 
the location of transpositions in 
paralleling three-phase power cir¬ 
cuits, separation of approximate 
centers of disturbing and dis¬ 
turbed groups of wires more than 

6 meters. 

8th Section points; i . e., 
barrels having nominal length 
of 4.8 km. (3 miles) or 9.6 
km. (6 miles) can be used. 
Five points dividing distance 
between any two 8th-section 
points into six equal parts, all 
five transpositions to be ro¬ 
tated in the same direction; 

*• nominal 0.8 km. (0.5 

mile) barrels can be used also. 

Quarter-section 
points; i.e. nom¬ 
inal 4.8 km. (3 
mile) barrels can 
be used. 

3. Neutral points suitable for 
the location of transpositions in 
paralleling metallic single-phase 
power circuits—separation as de¬ 
fined above more than 6 meters. 

8th-section points. 3 points 
dividing distance between any 
two 8th-section points into 
four equal parts. 

Quarter-section 

points. 

4. Neutral points suitable for 
the occurrence of discontinuities— 
separation as defined above more 
than six meters. 

f 

8th-section points 

Quarter-section 

points 

5. Neutral points suitable for 
the location of transpositions in 
disturbing power circuits or the 
occurrence of discontinuities in 
disturbing power or telegraph cir¬ 
cuits- separation as defined above 
less than 6 meters. 

Mid-section point 

Mid-section 

point 

6. Neutral points suitable for 
the occurrence of discontinuities 

S-poles 

S-poles 


in telephone circuits. 

t . The _ results given m the table are further illustrated in Figs 
16 and 17 which show premissible relative locations of the tele- 
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Fig. 7— E Section—Transposition System for Non-Phantomed Circuits on Exposed Telephone Lines 
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phone transposition poles and of transpositions and discontin¬ 
uities in the outside parallel circuits or changes in separation 

between the two classes of circuit. 

It will be noted that the E section can be used to coordinate 
with transpositions in three-phase power circuits which create 
for the maximum length of E section 0.8. km. (3-4 inile), 4.8 m. 
3 miles) or 9.6 km. (6 miles) barrels in the power circuit. As it 
was considered veryimportant to obtain the maximum practicable 
degree of flexibility in this respect, this matter was given very 
thorough study and a large amount of work was required to ar¬ 
rive at this result. It should be noted, moreover, that m the 
use of a 0.8-km. barrel, two barrels occupying a 1.6-km. section 



of the transposition system are required to obtain a balanced 

condition. . 

In the L section the requirements for the avoidance ot ex¬ 
cessive interference between the telephone circuits are more 
exacting than in the E section because the use of a smaller 
number of transposition poles makes available a correspondingly 
smaller number of typical arrangements of transpositions. It 
was found possible, however, to design this section so that it 
balances to a three-phase power line transposed at the quarter 

section points. . 

The exposed-line transposition system has been designed pri¬ 
marily for use on toll lines and not for use on joint lines with 
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power distribution circuits. It is, however, somewhat better 
for this case than the other transposition systems in use. 

When large inductive effects are experienced from circuits 
less than 20 ft. (6 m.) away from a side circuit, the variation in 
separation between the telephone circuit and the exposing cir¬ 
cuits as the side circuits shifts from one pair of pin positions to 
another must be taken into consideration. The E section is 
not designed to give a high degree of balance under this condition 
for all circuits in each eighth-section, but does give balance to 
uniform outside induction effects for most circuits in each 
eighth-section and with one exception, for all circuits in* each 
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Fig. 11 L Section Transposition System for Phantomed Circuit 

on Exposed Telephone Lines—Arrangements for Phantoming all 
Circuits 


half-section. Under similar conditions the L section gives a 

balance for most circuits in each quarter section and for all 
circuit® m each half section. 


It should be clearly pointed out that in the use of the telephone 
transposition sections to coordinate with transpositions in power 
circui s it is important that the transpositions in the two lines 
be coordinated both as regards relative length and as regards 

mshT T ° f tdephone transposition section and trans- 

m!it on 3 m 5* ClrCUitS ‘ The loca tions of the trans- 

to the mmd J < T*’ be made with reference 

the requirements of the other. It is frequently the case that 































1918] 


OSBORNE: TRANSPOSITIONS 


919 


the locations of the transpositions in the power circuit are to a 
large degree determined by the changes in separation and other 

characteristics of the parallel. 
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Fig. 12 —L Section—Transposition System for Phantomed Cir¬ 
cuits on Exposed Telephone Lines—Arrangements for Horizontal 
Pole Pair Phantoms and Odd Vertical Phantoms 

The E and the L section are both designed to give a high de¬ 
gree of balance of the inductive effects between the telephone 
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Fig. 13 —L Section—Transposition System for Non-Phantomed 

Circuits on Exposed Telephone Lines 

circuits. In using them, therefore, it is important that the 
transposition poles be spaced as accurately as practicable in 
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order to avoid diminishing the effectiveness of the system in this 
respect because of irregularities. 

The design work led to a large number of possible arrangements 
of approximately equal electrical efficiency. In choosing from 
these the most economical, account was taken both of the cost 
of transposing when stringing new circuits and of the cost of 
retransposing to the new system telephone lines now transposed 

cor mg to other arrangements standard with the Bell Tele- 
phone Companies. Although a most careful study was made of 
economy h was necessary because of the special characteristics 
required m this system to allow in the final sections a cost of 
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SYSTEMF0RPhant °med Circuits 
all Circuits TELEPH ° NE Lin ^-Arra N ge M ekts for Phantoming 

fcsLtt™ 1 T*??*T ? t0 60 !» “■* greater Hum that of 
the section which is standard in the Bell Telephone System for 
use on non-exposed lines. system tor 

Conclusion 

The results obtained in the design of the E and L sections 

T, ° nl f thr ° Ugh a s ^ stem ^ study of the problem 

IcuSd atff t t0 the of these two sections 

cupied about two man-years’ time of the speciallv trains 

experts who carried out the work Th<= ..7, * ne< ^ 

so thorough tTtof- , lhe inves tigation has been 

section a Jl th h r th ®. conclusion see ms warranted that the E 
on and the L section are substantially the best arrangement 
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of transpositions which could be devised to meet the require¬ 
ments established for them. 

The work of many members of the engineering department of 
the American Telephone and Telegraph Company has con¬ 
tributed to the results. The theory of induction between tele¬ 
phone circuits and the special analytical methods of design have 
been developed in the department during a considerable num¬ 
ber of years. Special mention should be made of the work of 
Mr. G. A. Campbell who, years ago, laid the foundations for 
the theory of induction between telephone circuits, and of 
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Fig. 15 — L Section—Transposition System for Phantomed Cir¬ 
cuits on Exposed Telephone Lines—Arrangements for Horizon¬ 
tal Pole Pair Phantoms and Odd Vertical Phantoms 


Messrs. A. G. Chapman and R. E. Leonard, who perfected the 
methods of systematic search and carried out the design of the 
E and L sections. 


APPENDIX A. INDUCTION BETWEEN PARALLEL WIRES 

1. Two Wires with■ Ground Return—Short Length of Exposure. 
If the current and voltage in a short element of circuit No. 1 
(Fig. 18) are represented by I and E, the inductive effect which 
this element of circuit No. 1 exercises on parallel circuit No. 2 
can be represented as follows: 

The voltage induced in circuit No. 2 because of current I is 

Vi = — j wlMl (1) 
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where co equals 2 7r times the frequency, l the length of element of 
circuit considered and Mu the mutual impedance between the 
circuits per unit length. In the case of a perfectly conducting 
earth surface, M is made up entirely of the mutual inductance 
caused by the linkage of flux from circuit No. 1 with circuit No. 2. 
With a perfectly conducting earth surface this mutual inductance 
can be readily computed by the method of images. Under 
actual conditions the mutual inductance is affected by the re¬ 
sistance of the earth, which increases the linkages between the 
two grounded circuits because it causes the return current from 
circuit No. 1 to distribute more or less widely throughout the 
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Single Phas e Power -1 Mile spacing 
3 Phase Power- 1/2 M|le Barrels 

L.,|l I 


Mtle spacing 


Lighting or Power Ci 


jypica! Frequent" Phantom ^ j 4 =^= 5 ^ 
Group 32 Transp. Poles * m 

Typical "infrequent” Phantom 5 ..Q 
Group 64 Transp. Poles 

Typical Non-Phantomed 

Circuits First 4 Arms.* 

32 Transposition Poles 


Joint Telegraph Circuits 



E E E E E 

16 24 32 40 48 

Length may vary from minimum distance which will 
permit of necessary number of transposition poles to 41600 ft 
Noter-Unless otherwise indicated the separation between the telephone’ circuits and the 
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Ii™1T C t HARACTE ^ STICS ° F EXP0SED Line E Section -Diagram 

ER ° F TrANSMISSION Poles and Permissible 


earth rather than to flow in a current sheet on the earth surface. 

In many cases, also, the fact that the two circuits both use the 

earth return having a finite resistance introduces an appreciable 

resistance term into the mutual impedance. Sometimes this 
term is very important. 

The voltage induced in a short section of wire 2 because of the 
voltage between wire 1 and ground is 


In this equation C M and C 2 are the direct capacities from wire 
2 to wire 1 and to the ground, respectively; that is, they are the 
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capacities measured by the charges on wire 1 and on the earth 
when wire 1 is connected to the earth and unit potential is 
applied between wire 2 and the combination of wire 1 and earth. 

If the short section of wire 2 is connected to the earth, the 
charging current flowing to ground is 

t, = j a IE Cm ( 3 ) 

That is the induced voltage acts like a generator having a volt¬ 
age e-i connected between wire 2 and ground through a condenser 
whose capacity is equal to the total grounded capacity of the 
exposed section of wire 2. This is indicated in Fig. 19. 


NorvTrqnsposed Lighting No n-Joint Telegraph Circ uits 
nr Power Circuit 


Lighting or Power Circuits-Separate 
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Fig. 17 —Characteristics of Exposed Line L Section Diagram 
Illustrates Length, Number of Transposition Poles, and Per¬ 
missible Locations of Transpositions and Discontinuities in Ex¬ 
traneous Disturbing Circuits 


2. Small Induced Effects. In cases where the induced 
currents and voltages are small compared with the inducing 
currents and voltages so that their reaction on the inducing cir¬ 
cuit can be neglected, the magnitude of the induced effects can 
be obtained by solving for the values of ’“current and voltage in 
the disturbing circuit, neglecting the presence of the other 
circuit, and then applying equations similar to those given above 
for each element of the parallel between the two circuits. 

3. A number of Parallel Wires. The computation of induced 
currents is much complicated when there are several disturbing 
wires or several disturbed wires or both. 


-J (/> 
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The computation of the electromagnetic induction may be 
complicated by the reaction between the induced currents in 
different disturbed circuits. In cases where the induced effect 
is small, however, the electromagnetic induction can be com¬ 
puted for this case as for a single circuit. 

In determining electrostatic induction with a large number 
of parallel circuits, it is evident that it becomes exceedingly 
complicated to compute the direct capacities which are used. It 
is possible to greatly simplify this work in cases in which the 
disturbed and disturbing circuits are separated so that each 
group has little effect on the direct capacities of the other group. 
Under these conditions the direct capacities within the disturb¬ 
ing circuits can be computed and from this computation a 
determination can be made of the 'charge of electricity on each 
of the disturbing wires taking account of the voltages on all 
wires. From these charges it is possible to compute the poten¬ 
tials between the disturbed wires and ground if isolated in space. 


i Cm 


c 

= Ci 

< 

2 

> 

11 C^J 

j> 

= <C.*C m )l 

\ 



5 e * 

i -—-* 


Fig. 18 Fig. 19 


These potentials may then be assumed to regulate through the 
direct capacities of the disturbed circuits as indicated in the 
above discussion of induction between two parallel wires. In 
computing the flow of current with many disturbed wires the 

effect on one wire of the other wires must, of course, be con¬ 
sidered. 

This outlines briefly the method which is in use for computing 
the induction between three-phase power circuits and telephone 
circuits. The method sometimes described in the text books is 
incorrect in that it does not take account of the mutual reactions 
between the three conductors of the three-phase circuit which 
materially modify their resultant electrostatic field. 

4. Long Parallel Circuits. In the case of two long circuits 
which closely parallel each other without means for neutralizing 
inductive effects, the reaction of the induced currents on the 
disturbing circuit cannot be neglected. If the circuits are very 
long there tends to be the same distribution of current and 
potential at the receiving ends of the disturbing and disturbed 
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circuits as there would be if equal voltages were applied to the 
two circuits at the transmitting end. The simplest case of this 
sort is when the two circuits are symmetrical. The equations 
for this case are given in Appendix B. It may be seen that even 
in this case the equations are so complicated that their use m 
practise would be burdensome. Where there are many long 
parallel wires the problem becomes one of utmost complexity. 

5. Parallel Telephone Circuits. In the case of telephone 
circuits many conductors are run very closely parallel for long 
distances. It would seem, then, that the general solution of t e 
inductive effect between telephone conductors would be so com- 

plicated as to be hopeless for practical use. 

In attacking this problem, however, we fortunately are not 
interested in the general case. If telephone circuits are suitable 
for commercial service they must be so arranged that the in- 
ductive effects between any two circuits are exceedingly sma 



Fig. 20 Fig. 21 


This is therefore, a case in which the reaction of the induced 

disturbing circuit can be neglected. . 

If one considers then a short section of close parallel between 
a disturbing circuit 1-2 carrying a voltage E and current I and a 
disturbed circuit 3-4 as indicated in Fig. 20 the voltage due to 
“magnetic induction can be expressed as in equation (4) 

e = j oil Ml (*) 

In computing the current flowing at A due to electrostatic induc¬ 
tion one may represent the direct capacities in the form of a 
Wheatstone bridge as in Fig. 21. In this figure the direct 
capacities a, b, c and d represent the Maxwell capacity coefficients. 
Capacities e, /, g and h represent the sum of the direct capacities 
between the wires, 1, 4, 2 and 3 respectively and all other wires 
and ground. This grouping is permissible because the induced 
effects all being small, the other circuits on the pole line_ are 
practically at ground potential, and have the same effect on the 
mutual capacity unbalance between the circuits 1, 2 and 3, 4 
as they would if actually connected to earth. 
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( 5 ) 


The induced current is represented approximately by equation 


a ' 


a + 


h e 


j o)E 


b f = b + 


a'd' - b f c ' 


a' + b' + c' -f- d' 


ef 


( 5 ) 


, etc., 5 being equal to 6 “J* f H— g 

+ k. 

. When the circuits are transposed so that the electrostatically 
m uced current is small it results that in a balanced transposition 
section a , b' } c r and d' are all very nearly equal. Under these 
con itions the magnitude of the electrostatically induced current 
in one small section of line is represented with a sufficient degree 
of accuracy by equation (6). 


j uE 


a f — V — c r + d' 


( 6 ) 


. The e q ua tions given above indicate the coefficients of induc¬ 
tion which must be determined in order to make possible compu- 
a ions of the induced currents between telephone circuits. 

e mutual inductance unbalance between any two circuits 
can be computed from the geometrical positions of the con- 
uctors. The mutual capacity -unbalance can be computed 
rea 1 y from the table of measured values of direct capacity for 
all wires on a 40-wire pole lead: (Table I.) The capacities of 
course vary with the number and to a small extent with the size 
o conductors on the lead. Forty wires is a typical condition 
and has been used as representative. When desirable, correc- 
ion has been made for the use of wires of larger size. 

The above equations therefore present a thoroughly practical 
met od of computing the current induced between short sections 
o two telephone circuits which are well transposed against each 
other. The correctness of the results obtained in this way has 
been checked by experiment. 

APPENDIX B—THE INDUCTION BETWEEN TWO LONG 
PARALLEL SYMMETRICAL CIRCUITS 

Assume two long symmetrical wires, A and B, as shown in 
Jug. 22, operating with ground return. Assume the linear self 
impedances of the circuits to be * and z 2 respectively, the linear 
mutual impedance to be m, and the linear direct admittances to 
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ground and linear mutual admittance to be yi , y-t and y m 
respectively 

The differential equations for inductive effect between the two 


circuits are as follows: 
— dvi 


d x 


ii zi + iz m 


— djh 
d x 


ii 22 + i\ M 


- dii 

-= viyi— v 2 y m 

d x 


^_dj^ 

d x 


V2 y 2 —* ^1 ym 


In the above formulas, y = yi + y m > y 2 = y* + 
m and y m are both written as positive quantities. 

For the case of two symmetrical wires let 


y m , and 


Sl = S 2 = 2 

yi = ya = y 




M = 

=y m 


2 z 

-% = 

=y; 

*==* -35T 


YiG, 22 _Induction Between Two Symmetrical Grounded Circuits 


Use is made of the following auxiliary equations:_ 

A =2 \ZjEj±L b =1 xTEEsL 


y + ym 


y 


.... ■ 1 - 

y a = \/(z — Vi) (y + ym) Tp = V(s + Vi) (y ym) 

Equations are given below for a number of conditions which 
are of interest. In these equations, vi and ii represent the voltage 
and current on the disturbing circuit A at any distance x from 
the transmitting end, and V2 and represent the voltage , and 

current on the disturbed circuit B. 

Case I. Voltage impressed on circuit A at x = 0 is 

Circuit B connected to earth at x = 0 through impedance W 

Both circuits infinite in length. 


2 B (A 


+ 2 W) 


e -ypx 


+ A (2 B + W) 
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2 B (A + 2 W) A (2 B + W) 

IF -f- 4 5) ~f" 4a A B 

( 9 ) 

(4 + 2 F) e” 7 *’* - (4 B+ 2 W) €~ 7 ** 


IF(.4+4 5)+4.4j3 


( 10 ) 


Case II. If the resistance, leakance, and internal reactance 
are negligible and the equivalent height of the wires above 
ground is the same for static and magnetic induction, y s = y p 
and 


A = z- M _ y — 
4 5 S + W y + 



Then, if IF = co, it follows that 



Jm 

y 



Under these conditions, (y 8 = y P and W = oo) the sending 
end impedance of the disturbing circuit is 



This equation shows that under these conditions there is no 
reaction from circuit B at the terminal of circuit A. 

Case III. If zy m + y m — 0 (14) 

Then B = -4/4 and it follows that 

-El ; 

v 2 = —- (e -7 £* — €“ 7 ^) 

Jm 

jS 

^ (e-^— (16) 

that is, at £ = 0, the induced voltage and current are 0. 

If y m is negligible, equation (14) requires that m = 0. This 
may be approximated by the use of compensating transformers. 
The above relation suggests, however, that by properly adjusting 
the value of m an approximate neutralization of induced voltage 

might be obtained in some special cases in which the electrostatic 
induction is considerable. 
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Case IV. When W = co, then at x = 0 , 

y {D —- 1) + y m (J + 1) 


1'2 -= -El 


3/ (D -f- 1) T* ym (D 1) 


( 17 ) 


where —= D. 

Y* 

The ratio of this voltage to that computed by equation (12) 
gives an idea of the error involved in the assumption which leads 
to equation (12). 

V. If at x = 0, 

Vi 


W = 


'll 


then 

and 


17 = V A B 


v<i — Ei 


2 VB - VA 


2 VB H - A 


( 19 ) 


This impedance, VA B, is 


VTS - Z, - *, +[ 1 - (-=-)•] [ 1 - (-+) 


( 20 ) 


Where z 0 


V-£2__ = the infinite line impedance for a 


y 2 — ym 2 


( 13 ) single wire. 

' Case 71. At a long distance from the origin, 
« - v, - Et +** ■ if W-O. 


( 21 ) 


Also v\ = V 2 = Ei 


4 2? 


. 4+45 


e-T#,* if T+ = 00. 


( 22 ) 


It mil be noted that the voltages on the disturbed and dis¬ 
turbing wires tend to become equal at-a considerable distance 
from the origin, and that the two expressions for Vi and Vi with 
maximum and with minimum shielding are nearly the same. 


APPENDIX C—TYPE UNBALANCE BETWEEN TRANS¬ 
POSED TELEPHONE CIRCUITS 

The induction between long transposed telephone circuits on 
the same lead is the vector sum of the induction between all 
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short elements of the circuits, taking into account the attenua¬ 
tion and phase change of the inducing currents and voltages from 
the transmitting point, and the attenuation and phase change of 
the induced currents in their propagation to the end of the cir¬ 
cuit from the point at which the inductive effect occurs. 

A simple typical arrangement of transpositions between two 
telephone circuits in a short balanced section is indicated in 
Fig. 23 in which similar telephone circuits P and Q are divided 
into four sections of lengths A, B, C and D by the transpositions 
in the two circuits. The resulting induction between the two 
circuits in this section is the sum of two terms: 

a. Unbalance Due to Irregularity in Length. As this is a short 
section of line, one may consider as a first approximation that 
the current and voltage in the inducing circuit P are the same 
throughout this section. Currents induced in sections B and D, 




| 

1 

. . 1 



) 

( 

, 

A 

B 

C 

D 

__> 

+ 

t 

v 

1 | 

\ 

... / 

i 



Fig. 23 


therefore, tend to neutralize currents induced in sections A and 
C, provided the length A + C is equal to the length B + D. 
When this is not the case there is a resultant induced current in 
circuit Q due to irregularities approximately proportional to the 
resultant unbalanced length A — B + C - D. 

b. Type Unbalance. If lengths A, B, C and D are all exactly 
equal there will nevertheless be a resultant induced current in 
circuit Q because of the fact that the currents and voltages in 
either circuit P or Q change in magnitude and phase as they are 
propagated along the circuit. 

In this appendix are given equations illustrating the method of 
computing type unbalance. 

If P is a section of a long telephone circuit the current and 
voltage in it can be represented by equations (23) and (24). 

I = 7 0 e~ al sin (o> t — fi l) (23) 

E = E 0 e~ al sin (co t - j8 l) (24) 
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In these equations a and (3 are the attenuation constant and the 
phase-change constant of the telephone circuit and of course 
vary with the frequency of the current. 

The induced current in a short element of circuit a distance L 
from the end of the circuit, can be represented as equation ( 25 ). 


dX = K dl e- al sin (cot - pi) ( 25 ) 

where K dl is the induction between short elements at the end 
of the circuits and is computed with the help of equations ( 4 ) and 
( 6 ) for the electromagnetic and electrostatic components. (Ap¬ 
pendix A.) This induced current will be propagated on circuit 
Q back to the beginning of the circuit and under the condition 
for transmission without reflection, that is, terminal impedance 
equal to line impedance, will have when it reaches the beginning 
of the circuit, the value given in equation ( 26 ) 

dX 0 = Kdle~ 2al sin (co/- 2 |8/) ( 26 ) 

A similar equation can be written for each element of the cir¬ 
cuit. The induction due to length A is obtained by integrating 
expression ( 26 ) for the length between zero and A as shown in 
equation ( 27 ) 

= 

The general expression for this integral is rather complicated. 
In practical telephone circuits, however, the effect of the attenua¬ 
tion in the short section of circuit between successive transposi¬ 
tions is very much less than the effect of the change in phase 
angle. Under these conditions the attenuation can be neg¬ 
lected for short lengths and the effective value of the expression 
( 27 ) reduces to that given in equation ( 28 ) 

X x = KA Sm f A A / P A ( 28 ) 

Similarly, the crosstalk at the end of the circuit due to section 
B of the exposure between the lines can if B is equal in length to 
A be represented as in equation ( 29 ). 

X B = - K A Sm A A ~ e~ 2aA ( 29 ) 



K d l e~ 2al sin (at- 2/31) 


( 27 ) 


In practical cases the ratio 


sin j8 A 

Ja 


is practically unity 
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and the exponential expression e~ 2aA is also practically unity. 
Under these conditions the induced current at the end of the 
circuit caused by sections A and B of the parallel can be repre¬ 
sented approximately as in equation (30). 

z ab = 2 K A sin A §_ A (30) 

Similarly, the resultant induction in circuit Q from sections 
At B f C and D can be represented as in equation (31) 

z ad — AKA sin $ A cos 2 £ A /tt/ 2-4 0 A ' ■ (31) 

This simple example corresponds to one of the typical arrange¬ 
ments of transpositions, namely, that denoted by M in Fig. .2. 
A similar equation can be worked out for each typical arrange¬ 
ment, and numerical values worked out for any given values of 
J3 and A. 

For' much work a sufficiently good approximation can be 
made in the formulas for type unbalance by assuming that 

sin n £ A = ,n $ A , ’ ^ 

cos n /? A = 1 

The resulting simple formulas give an easy means of judging 
of the approximate relative effectiveness of different arrange¬ 
ments. They are given for different typical arrangements under 
the heading Approximate Formulas in Fig. 2. WhenX repre- 
s ents the phase .change, per mile these formulas represent .nu¬ 
merically the type unbalance for a 12.8 km. (8 mile) section. 
The angles of the type unbalance for different types of the same 
length differ only by 90 deg. or multiples of 90 deg., and these 
differences only are indicated in the approximate formulas. 

The type unbalance varies, of course, with the frequency. In 
the design of telephone transpositions type unbalances are com¬ 
puted for a frequency found to represent the average crosstalk 
effect. 

It remains to point out the relation between •resultant un¬ 
balance due to type for a long length of line and type unbalance 
or one transposition section. Considering current of a single 
frequency, the ratio between these two for N sections is 

1 - e -2AT7Lo 

1 — e -2yU ( 32 ) 

where L 0 is the length of the section. 
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Equation (32) assumes that the wires have the same relative 
pin positions at the beginning of each section If the pin posi¬ 
tions are the same in alternate sections and the opposite in suc¬ 
cessive sections formula (32) becomes 


1 — p2N yu 

q . o T 1 g _ 

u Sin p E o ^ _■ q— 4tLo 


(33) 


For a large number of sections, and for the attenuations pre¬ 
vailing on good telephone toll lines equations (32) and (33) be¬ 
come approximately 


1 

2 Of L 0 


(34) 


sin ]§_ Lq 
2 y L 0 



Actually, results obtained by these simple formulas must be 
corrected for the fact that the telephone current is a compound 
of currents of different frequencies, for which the values of (3 
and y are different. In the case of loaded lines a correction can 
be made rather simply. The change in phase angle from one 
loading section to another is large and varies widely for different 
components of the telephone current. Good results are there¬ 
fore obtained by assuming that the effects of successive sections 
add together by a root-sum-square law. The resulting ratio 
between long line unbalance and type unbalance for a single 
section is 



g — 4 V olLq 
g—4aLo 


(36) 


Since N is large and a L 0 small, this becomes approximately 


1 

2 V a L 0 


(37) 


APPENDIX D, FORMULAS FOR TYPE UNBALANCE IN 

PHANTOMED CIRCUITS 

Under the heading, Phantom Circuits , in the paper it is pointed 
out that the use of phantoms in telephone line construction 
complicates the computation of type unbalance because each 
transposition of a phantom circuit interchanges the propositions 


i 
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of its two side circuits and, therefore, changes the coefficients of 
induction between these and other circuits, 

. equations for computing the resultant induction per sec¬ 
tion due to type unbalance are given below. These equations 
are given for the case in which a typical arrangement of trans¬ 
positions is associated with each side circuit of the phantom 
independent of its interchange of pin positions with the other side 
circuit of the phantom. This is the arrangement which has been 
found most suitable for use in the exposed line transposition 
system. Transposition systems can be designed with a typical 
arrangement associated with the wires on a given pair of pin 
positions. With this arrangement, each side circuit of the phan¬ 
tom is transposed partly in accordance with one typical arrange¬ 
ment and partly in accordance with another as it changes from 
one pair of pin positions to the other with transpositions of the 
phantom circuit. Under some conditions, this arrangement has 
advantages in the economy of retransposing non-phantomed cir¬ 
cuits to form phantoms. It is used in the transposition system 

which is standard with the Bell Telephone Companies for non- 
exposed lines. 

The formulas for the resultant induction per section due to 
type unbalance are as follows: 

Suppose two circuits, 1 and 2, to be combined in a phantom R 
and two circuits, 3 and 4, to be combined in a circuit Q. 

Denote by 7\, T 2f T R , etc., the type unbalances corresponding 
to the typical arrangements of transpositions on circuits 1, 2, R, 
etc. Further, let i£i R , K 2 r, etc. represent the induction per 
unit untransposed length between circuits 1 and R, between 
circuits 2 and R , etc. 

Rot Side Circuit to Phantom of TVhich it is a Pavt. 


= ST^ + DT, 

x 2r = st 2r - d t 2 


Where 5 * 


K\ r + K 2r 
2 


( 38 ) 

( 39 ) 


D = 

2 

represents the type unbalance for the typical arrangement 

corresponding to the relative exposure between type 1 and type 
R, 

T R is similarly defined. 
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For Side Circuit to a Non-phantomed Circuit or a Phantom 
Other Than its Own. 

Xi Q = 5 Ti q + D Tirq (40) 

( 41 ) 


z 2q = st 2q - dt 2 


RQ 


When 


5 = 


KiQ + K.2q 
2 


n — *^’ 1 Q &2q 

V “ 2 

The nomenclature is the same as before. 

Tirq represents the type unbalance corresponding to the rela¬ 
tive exposure between the arrangement giving unbalance T\ R 
and typical arrangement Q. 

For example, if circuit 1 is transposed to Type A 

it jg U U P 

U Q « “ L 

r lRQ = r (AF)L = t kl = To 

That is, Tirq is in this case the type factor for arrangement 0, 
which is obtained by combining successively types A, F, and L. 
For the Two Side Circuits of a Phantom 

_ Tff r p 

12 — A12 1 12 

For Side Circuits in Two Different Phantoms 

Wl3 = 5 Tl3 + D a Thr + D b r 13Q + Da t 13rq 

Xu — S Tn + D a T i4r D b Tno D c Turq 

Xu = S Tu~ D a Tur - D b Tuq + D c Turq. 

Xu = 5r !3 - Da Tur + Db Tuo ~ Da Turo 

Where 

r, _ Ku + K 14 + Ku + Ku 
^ ^ 


( 42 ) 

( 43 ) 

( 44 ) 

( 45 ) 

( 46 ) 


D a = 


K u Ku — Ku — K 


23 


Db = 


Ku ~ Ku - Ku + K 


23 


Ku ~ Ku + Ku ~ K 


23 


Da = 
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In the above equations the nomenclature is as before. 

T i 3 rq denotes the type unbalance corresponding to the rela¬ 
tive exposure between the types giving type unbalances of Tn 
and jTrq. 

The D terms in the above equations are generally not negligible 
compared with the 5 terms. This fact requires that in designing, 
for example, transpositions between side circuits in two different 
phantoms, it is necessary to take account not only of the type 
unbalance of the relative exposure between the two circuits, but 
also of type unbalances formed by building up combinations of 
the typical arrangements of transpositions on the two side cir¬ 
cuits and on the phantoms of which they form a part. 


7 - 
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Discussion on “Design of Transpositions for Parallel 
Telephone and Power Circuits (Osborne), Atlantic 

City, N. J., June 27, 1918. 

V. Karapetoff: In the appendix, Mr. Osborne uses the 
expression “mutual impedance/’_ This term is new to me 
and I should like to have a definition of it. If ^ ^antityis 
eaual to 2 7 r/times the mutual inductance, then it would 

seem proper to call it “mutual reactance, m AifLffThe^oi- 
in which the usual reactance is equal to 27r / times the co 

efficient of self induction. 

It is also pointed out that the ground may modify this 
efficient of mutual impedance and this may be a lustificat o 
for using the term “impedance instead of _ reactance to 
indicate that it is composed in a quadratic relation of resistance 
and reactance. But then the chfficulty arises that the mutua 

impedance seems to be a coefficient which characterizes the 

two circuits, and if the resistance is to be taken into, account, 
it is not clear the resistance of which of the two 
used in the expression for mutual impedance. Our bta d 
ization Rules define “mutual impedance m application to 
telephone work but I am not sure that it is applicable here. I 
also P notice that another author (Mr. Fortescue) m a paper 
presented at this convention uses the expression mutual 

impedance.” It seems to me that we oug _ g ^ 
definition of this quantity, and introduce it into the Standard¬ 
ization Rules so that there may be no doubt about its mean- 

. m CharlesFortescue : In the event of a power company having 
installed a transmission line without transpositions, wa 
would be considered the ethical arrangement between the power 
company and the telephone company, m case of “ductive 
interference? If transpositions of the power lines are deter¬ 
mined on before the installation is made, I can easily see that 
the cost would be a very small item, but after t. e power me 
has been installed the cost of. transpositions might be quite 
a large item, and I should think it would be a case for a com¬ 
promise between the telephone company and the power company 

under such circumstances. . . f 

' Another condition that one may run across is, quite ire- 
ouentlv the power transmission line is not symmetrically de, 
signed. Of course, a perfectly symmetrical three-phase trans¬ 
mission line would have lines at the apexes of an equi a era 
triangle, but quite frequently the lines are equally spaced m 
the horizontal plane, and quite frequently they are unequa y 
spaced, depending on conditions which may have existed before 
the line was installed. I am very much interested m this, as 
it happens to be part of my duty to look into these cases of trouble 
which arise, from such causes as this, and they are sometimes 
very difficult to adjust. There is always a great deal of con¬ 
troversy as to who is to blame, and who should be the one to 

correct the trouble. 
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tin 1 Ttlf fer t( ?r the ^ u ® stion that Prof. Karapetoff brings 
iifsome my f £ sed tke expression “mutual impedance" 
r . aa f? s .; , In alternating-current circuits where we have 

aid art n^pT? n c ?“ mo1 ? P art in a part of the circuit, 
and whiob it *o mutua ^ y mductive in other parts of the circuit, 
“mutual{jjL- s , conv ® ment to consider separately, the expression 
useful nua F'+ & ^ c& comes in very handily, and is a very 

defined^hutV+ii 6 -' As { &v as 1 know - has never been 

ouantir’v or>d lt 1S a Pf fectl y definite and well understood 
quantity, and it is commonly used among telephone engineers. 

muLf;-uS£ Pman: w 6rtam ex P er imental data relating to 

terest Mr CS bekveen telephone circuits may be of in- 
terest. Mr. Osborne shows in Fie. 2 of this -naner tvmVal 

ETA;" 1 transpositions for® telephone JaSts 2d ?„ 

the P inductive * s ,$ usses tke metbod of computing approximately 
in acS^dllee ^ between two telephone circuits transposed 
interesti-no- to hh any two of these arrangements. It is 
wh£h on!eJll C ® i hl ^t in c reas i n g .the number of points at 
rather than dp 1 an< ^ ^ °ther is transposed may increase 
circ5ts th por d e C a eaS i th / ^ nductive eff ects between the two 
in AonendS C n?* 1 a ^ meth o d of computation outlined 
be found tdb?m,i f ci! l0Wed ’ S* A ex P°s u re shown on Fig. 2 will 
effects commn-nhr + mor e effective against the mutual inductive 
thoueh the. latter + ermed crosstalk than the M exposure, al- 

transpositions She' foSSE’‘tat^^Thf ‘T 

sirs ? h r ea ,h ?“i e 

half and therpfnrA T^ res . san ^^ position as in the first 

tend to add With th 6 i? ductlve effe cts into the two halves 

w£h the^wires^rever^ed^arfd^th 116S \ COnd ^.^rts out 
into the twn hoU , an ^’ ^ ere fore, the inductive effects 

S tahS°it t?sharia E / teadin8 ms 

transpositions is lels effect than the V ex P 0Sure , havi . n S l 5 

case of the former tv,e o eCtl u e - 1 J . N exposure since in the 

siveefgS'S^SarS.^ " e “ h “»*■ 

ments of Tran the the °^7 ° f the effect of Afferent arrange- 

of the relative effectironess of thf^M 11 A 7 ’ t6StS Were made 

Kg- 1 shows the^ method of mav’ N '^ d ° eXposure ^P 63 - 
single-frequencv source of ait f m 5 klng the measurements. A 

to facilitate 6 the com^L^ ^ CUrrent was used in order 
to get the effect of a^W th con iP uted values. In order 
the distant ends of hnth n e . x P 0Sure ln a long telephone line, 
non-inductive resistances !If S ^ 6re t ® rmina ted with 600-ohm 
long circuit^ the impedance of a 

of the disturbed chcuff also ^ ■ The test end 

resistance. A measured a mm als ° temimated with 600 ohms 

current was sent out on the distlhhW 6 'alternating 

sensitive receiving circuit of hiVh f tU ^ b i ng telepkone circ uit. A 

mg circuit of high impedance was then alternately 
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bridged across the 600-ohm termination at the test end of the 
disturbed circuit and across a comparison 

at the terminals of the detector a known voltage of the same 
frequency as that impressed on the disturbing circuity By 
adjusting the voltage of the comparison circuit and listenmg 
to the sounds heard in the receiver m its two Potions, it w 
possible to measure the voltage impressed by *stug 
circuit across the 600-ohm termination of the ^tobed circuit. 
The current through this termination could then be readi y 

computed. -fre ncy tests were made on. two adjacent spec¬ 

ially transposed No. 12 N. B. S. gauge pairs m a 40 -wire toll 
line. The inductive effects were measured m a transposvt 
section about 7 miles (11.2 km.) long. The transpositions were 
carefully located so that the crosstalk would be due pnncip> y 
to type unbalance and not due to irregularities m wire and pole 

<5=^| A.C.Milli-ammeter 

Pair 11-12 Disturbing Line 




Receivers 

d 


High Impedance Pair 13.14 Disturbed Line 


600 Ohm 
Termination 



Telephone 

Amplifier 


1/1 


60(fTermination 


Comparison 
V Circuit 




L 


Q5M.F.1J1 
0.1 torn 


0.1 
.001 M 


'M 


Sensative A.C.Voltmeter Involving 

Thermo-couple and D.C.Micro-ammeter 



«vwx 1*1# I - 

p IG . 1 —Method of Measuring Single-Frequency Cross-Talk 

spacing except for combinations of circuits having very highly 

efficient transposition types. . wa _ 

The crosstalk in a short relatively ^transposed length was 

first tested and then the crosstalk m a length of a ou_ . 

for the three exposure types was measured. By co p g 
the latter measurements with the former it was possible to 
express the exposure of any type in terms of an equivalent 
untransposed length. The following table shows a comparison 

between the equivalent untransposed lengths obtained m this 
manner and corresponding values computed theoretically fr m 
the equations of propagation of current on the circuits. From 
a comparison of the readings of different observers and/of suc¬ 
cessive readings of the same observer, it was estimated that the 
precision of observations was ordinarily about 10 per cent. _ in 
the case of the N exposure, the precision was much less since 
the method was not suitable for accurately measuring the small 
amount of crosstalk involved. In addition the effect of the 
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* . ^ j «i * » course, be much greater in connection 

with this exposure since the crosstalk due to the type unbalance 
is very small. 


U, N AND 0 EXPOSURE TYPES 

Measured Versus Computed Values of Equivalent Untransposed Lengths 


Type exposure 

Frequencies tested 

No. of readings 

Average ratio 
measured to 
computed 

Computed 
length 1000 
cycles 

0 

840, 1,000 1,100 

12 

0.88 


0.75 mi. 

M 

840, 1,000 1,100 

12 

0.99 


0.38 mi. 

N* 

1,000 2,000 

6 

0.42 


r 0.044 mi. 





. 

or 

X T .. f 

1 

■4 . - ^ 




, 230 feet 


^Measured values too small to be read accurately. 


Fig. 2 shows the arrangements of transpositions tested and 

f C °2 nSO i 1 com P t d ; ed an d measured values of crosstalk 
or 1000 cycles. . It should be noted that the circuits were tested 
or impedance, insulation and direct-current resistance before 
making any measurements to insure that they were in good 
condition. The measured values were obtained from the aver¬ 
ages of sets of readings each involving two observers and 
aken on different days. The crosstalk diagrams on Fig. 2 
show the effect of the transpositions in combining crosstalk 


Circuit 1 !zx 
Circuit 2 


CIRCUIT ARRANGEMENTS- 
. f s £ ort Relatively Untransposed Length 


Type H ZX 
Type G zx 

Type 0 

Type H =x 
Type E zx 

Type M 

Type G ZX 
Type E 

Type N 



CROSSTALK DIAGRAMS 


-t Measured 

XZ3 /TValue^KA. _ 

^ W ~r R ~*r-- 

Xo 35T‘S3 Resultant ""--J C 
^Measured Value*J7 KAZ~ >Z 

Ni 


PvnAc.ir/a iw easur «* Value*.77 KA. - D 

J^aiS^:omp 4 t^yalue=.90 KA. 7 

J " ( I ■ ^ w Resultant Crosstab 




for Whole Length Relatively 
^ Uhtransposed 


^mmppsure 


e st 4“N"Exposu re * * 46 ^ 



- y—s Resultant^ 

Measured Value! 

= .45 KA. 1 
Computed Value 1 


_ • Resultant—^ <■ 

Note: Computed Value of#or the-Phase Change Vaiue-.02'KA 

per Unit Length=2*per Mile(1.24°per KnrO Va,ue ’- 05 KA ' 

Fig. 2 Single-Frequency^ 100-Cycle) “Crosstalk” Tests 

at the terminal due to the various eighths of the transposition 
section. The average measured valve of the ratio of received 

i ° , 1 f u ™ng cl H re ^ f° r the test on the short untransposed 
length, that is K A of the diagram, was 725 millionths while 
the computed value was 770 milli onths. 

, i er A ain talkingtests made later may be of interest since 
*-. .ey show absence of crosstalk between circuits having an N ex¬ 
posure which, as previously discussed, is a relatively efficient 
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transposition type compared with the other types here discussecl 
These tests were made in a manner similar ^ ^ 

Pier 1 for the single-frequency test, with the diftere 
ratio between the^eceived and disturbing currents was measured 
shiSJ off atoown fraction of the disturbing current and 

Fig. 3 gives data on the telephone lines emp oye m 
talking tots.. As indicated about 28 nules 45 farc) o^a tol 

line was transposed by means of four E .J^^Xad 

tested had an N exposure in each transposition ^on “d had 
comoaratively large coefficients of induction between tnem, 
thus requiring an effective transposition arrangement Tests 

made on two successive days indicated that hundredth 

ferred from one circuit to the other was about one hundredth 


Talk- 


Listen- 


- loaded 8 B.wTG. Gauge Phantom on Pins 7 to 10 
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discusses the method of computing from these measured values, 
the coefficients of electric induction between the various circuit 
combinations. In order to study the question of the repeti¬ 
tion of a transposition system on the lower crossarms, it was 
necessary to make similar capacity measurements on an 80-wire 
pole lead. The lower curve of Fig. 4 is obtained from the data 
of these tests and shows the variation with separation of the 
coefficients of electric induction between a phantom on the end 
of the first arm and similarly located phantom circuits on lower 
arms. The magnetic coefficients of induction were readily 
computed from the known conductor spacings. 

H. Mouradian: It may possibly further the understanding 
of the practical significance of the paper if I should state, briefly, 
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In response to Mr. Fortescue’s question regarding the ethical 
arrangements between power and telephone companies in the 
case of inductive interference, I would say that my own belief 
is that, in general, the best practise requires that when either 
of the two or more schemes for reducing the interference is 
possible that one should be selected which gives the least total 
cost, counting up costs of changes in both the power circuits and 
the telephone circuits.. Both systems are run for the benefit 
oi the public and the interest of the public would seem to be 
best conserved by the application of this principle of least total 
C ? -‘-kis principle can be applied independent of the question 

o± the equitable distribution of expense between 'the two com¬ 
panies. 

Mr. Fortescue speaks about the effect of the configuration 
o conductors of the power circuit. The triangular arrangement 
o± wires is m almost every case materially better than either the 
4 ^^tal or vertical arrangement in limiting the external field 
o the line. A great deal of information about this is given in 
the forthcoming book of Technical Reports of the Joint Com¬ 
mittee on Inductive Interference in California. 
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ENGINEERS AND THE WAR 


BY MAJOR GENERAL WILLIAM M. BLACK 
Chief of Engineers, U. S. Army 


T FEEL some diffidence in addressing you this evening, partly 
A because, although I might have qualified as an electrical 
engineer in 1880 , I know I could not do it now, and then, I feel 
that a man who has the privilege of talking to a number of 
men such as are assembled here at this time has a tremendous 
responsibility, because the task set before us is one that 
has been unequalled in the history of the world. We represent 
a creed, not only in our. living but in our Government, which 
we believe is necessary for the salvation of this world, for 

bringing to this earth the Kingdom of God. 

We are fighting a nation that , has a creed directly opposite 
to ours, a creed that leads them into the belief that Might makes 
Right, and that anything that is for the supposed good of the 
State is Right. This attitude has led the people of that nation 
to break every law that humanity has made for the amelioration 
of the horrors of war, laws that have gradually grown up 
through the ages. These laws are being ruthlessly sacrificed 
by these people in strict accordance with the creed which 
they hold. That creed and that people must simply be swept 
from off the face of the earth, and that is the task that we have 

undertaken. 

It is an honor to be privileged to address you on a subject 
of such importance to our country, the duty of the Engineers 
in war. Although the part played by Engineers in this war is 
great and the responsibilities of the profession are correspond- 
ingly large, this war, like all wars in the past, is and must be a 
war carried on in accordance with the principles of the art of 
war, which are unchanging and which, have been recognized and 
taught ever since organized armies were first created. 

Do you realize that almost the only absolutely modern method 
of warfare now in use is the warfare of the air? The invention 
of submarines was made during the American Revolution, and 
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submarines were used successfully, though to a limited extent, 
in our own Civil War. Gas and flame fighting are of ancient 
origin. Trench fighting is hardly better known today than it 
was to the veterans of Grant and Lee, of Sherman and Johnson. 
The advances in human knowledge have caused corresponding 
improvements to be possible in the weapons of warfare. In¬ 
creased knowledge of chemistry has produced more powerful 
explosives and improved methods in metallurgy have enabled 
these explosives to be utilized, by making possible heavier and 
more powerful guns. Improvements in the means of transpor¬ 
tation have enabled larger bodies to be moved more quickly and 
more readily and to be subsisted and supplied with greater 
certainty. The telegraph, the telephone and the wireless have 
afforded a means of prompt communication and have enabled, 
larger bodies of men to be given co-ordinated action. With such 
changes, battles are fought on the same principles and 
won or lost from the same causes as in the time of Alexander 
the Great. This war has been called a people’s war and so it is 
in the sense that due to modem facilities the entire resources 
of the people can be utilized to day as they could not have 
been utilized in the days of old. It has also been called an 
Engineer’s war because in the quickness of movement and in 
the works necessitated by these modern inventions the services 
of Engineers become more conspicuous and perhaps more neces¬ 
sary than in the past. But engineering in warfare has always 
been essential and it is even doubtful whether the science of 
engineering does not owe its birth to the works of war. An 
Engineer myself, I wkduM be the last to belittle the work of our 
profession. It is a matter of pride that the men of our pro¬ 
fession, due to the nature of their employment in time of peace, 
are, of all the civil professions, most prepared to serve the country 
in war, but to serve the country adequately in war, the Engineer 
must add to his peace equipment for professional work. The 
profession of arms is a profession in itself and it is the profession 
which deals with the very greatest in magnitude of all the en¬ 
deavors of men. The effective use of an army which is properly 
constituted exemplifies the best that men can do in organization, 
in discipline and in the devotion to duty which causes a man to 
regard his own life as a thing of small moment toward the 
attainment of the end sought. 

There would be a great amount of effort saved if our people 
recognized more clearly the existence of the technicalities of 
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the profession of arms. The Government in Washington is 
simply deluged with Suggestions and so-called inventions for 
the winning of the war. The records show that about 98 per cent 
of all of these are without military value and that time and 
labor have been thrown away by men eager to help, but entirely 
ignorant of the history and conditions of warfare.. 

An example with which some of you are familiar is the elec¬ 
trical gun. For years the possibility of such a weapon has been 
a fascinating line of study to electricians. The principle of the 
solenoid is the germ. If a series of solenoid coils were to be 
energized and de-energized in succession sufficiently and rapidly, 
such a series around a tube can be made to impart a movement 
of translation and rotation to a projectile. But practical re¬ 
sults are today impossible. A six-inch service rifle having a 
length of 20 feet, fires a projectile weighing 110 lb. with a muzzle 
velocity of 2600 ft. per sec., or in other words, the projectile 
leaves the muzzle with a kinetic energy of translation of 115,500 
ft-lb. This energy has been stored in the projectile during its 
travel through the bore of the rifle, or say in l/65th of a second. 
The average power expended has therefore been at the rate 
of 7,607,500 ft-lb. per second or about 14,000 h. p. or 10,500 
kilowatts. These figures are simply approximations and neglect 
entirely the power required for imparting velocity of rotation 
and for overcoming the friction in the bore. You can easily 
est ima te the weight and dimension of the generating equipment 
which would be required for even a moderately powerful gun 
were all the mechanical and electrical problems of its manu¬ 
facture solved, and making due allowance for the short-load 
periods. You can understand the impracticability of trans¬ 
porting the electrical plants required for any number of such 
guns, and the impossibility of distributing this power over shell- 
swept ground to guns whose position must be constantly shifted, 
and which must be put in action on a few seconds’ notice. 
I think that you will agree that until new discoveries give a 
much improved method of storing or generating electricity, 
smokeless powder will continue to be the most compact and con¬ 
venient form of stored energy for guns. . 

And yet there has been a good deal of time and money waste 
in trying to perfect such a gun by men whose patriotism is un¬ 
doubted, and whose ignorance, also, is undoubted. _ In other 
words, if a man has an invention or an idea of an invention, 
by all means let him work on it, but before he goes to Wash- 
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ington and takes up the time of men busy trying to devise means 
to beat the Boches, let him make sure that he knows the condi¬ 
tions of war and what he is trying to do to meet, those conditions, 
and then if he is sure of the means, let him present his ideas 
and inventions to the people in Washington. 

We want all we can get and want the best we can get. We 
want the inventive power of our country if it can be exercised 
to do good. 

There was a proposition made seriously at Washington re¬ 
cently that the United States should provide a fund, of I do not 
know how many million dollars, and make a Home for Inven¬ 
tors, where any one who thought he had an invention would be 
able to go, and work it out at the public expense; and recently, 
although we had a committee of experts there to pass upon 
these inventions, the results were so utterly unsatisfactory to 
the inventors that they came in a perfect horde upon the Secre¬ 
tary of the Navy and the Secretary of War, so much so that they 
had to make a brand new committee of three men, who could 
be much better occupied, to go ahead and do this same thing; 
and I am only waiting for the next drive of inventors to show 
that this Committee will not suit them one particle better than 
the old one did. ~ 

In addition, without doubt, there are many men in our coun¬ 
try of the highest patriotism who are sore-hearted because they 
are not given something to do directly toward the winning of 
the war. They do not understand, that some condition pecu¬ 
liar to themselves, possibly age, possibly physical condition, 
possibly mere ignorance of war and its conditions, compel it 
that the bit that they must do for their country at this time is 
to continue in their work in civil life and do their part in keeping 
up the normal life of the country—in itself a service of importance. 

The part which Engineers are now playing in the war is a 
very great one. The records of the American Institute of Elec¬ 
trical Engineers show that out of a total membership of 9443, 
there are 973 in the service, or 10.3 per cent of its roster. The 
American Society of Civil Engineers with 8753 active members 
has 1434 per cent in the service. The American Institute of 
Mining Engineers 10.4 per cent, and the American Society of 
Mechanical Engineers 10.1 per cent. But these records are 
not complete. At the outbreak of the present war there were 
in the Engineers Corps of the Regular Army about 300 officers 

and approximately 3500 • enlisted men. At the present time, 
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there are about 8000 commissioned officers and 200,000 en¬ 
listed men, made up of men formerly engaged in works of an 
engineering character. It is probable that this does not repre¬ 
sent much more than one-half of the number of the profession 
now serving in the Army. 

Let us consider the nature of the work of the Engineer, passing 

from front to rear of the Army. 

First in importance is the work of the sappers. . They go be¬ 
fore and remove obstacles, clearing away obstructions, building 
bridges and roads, making the trench systems complete, mining, 
providing light, water, lines for supply (light railways or roads) 
and military mapping. In this category enter practically all of the 
branches of the profession. Further to the rear are found the con¬ 
struction and operation of railways; road and bridge construction, 
the construction of veritable towns for supply depots, with all their 
accessories, drainage, sewerage, lighting and water supply; con¬ 
struction of quarters and of hospitals; and furthest to the rear, 
the construction of the ports of debarkation with their wharves 
storehouses, railway lines, yards and shops, all with their sani¬ 
tary systems. Separate from these activities, but necessary 
for their supply, are the Forestry troops who turn the growing 
timber into lumber of the dimensions required for the various 
services. Locomotive and car shop troops are performing 
essential services. Topographic Corps, Sound Ranging Corps 
and Camouflage Corps are also among the varied activities of 

the Engineers. 

What preparation is required for the fulfillment of these vane 
duties? For the actual technical work of construction or in¬ 
stallation the civil training of the Engineer should prove suffi¬ 
cient when the plans which embody the military features have 
been prepared, or when the military technique has been learned 
and assimilated. A fundamental of this military technique is 
that the time element is to be considered rather than money 
cost and that the work must be done with whatever materials 
are available. This requires clearness of conception of the 
results required, resourcefulness and organization factors also 

required for civil work. 

As stated earlier, due to the very small numbers of the per¬ 
sonnel of the Corps of Engineers of the Regular Army, reliance 
had to. be placed in the members of the profession in civil life. 
Confidence in their devotion to country and in their ability has 
not been misplaced. The results already accomplished prove 
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this fully. Could more have been done? Undoubtedly, had the 
profession been better prepared for the call. 

Will you permit me to say a few words concerning the general 
training of our Engineers, based on a professional experience 
of more than forty years ? The conviction has been forced upon 
me that in educational matters, as in many other affairs of life, 
we Americans are inclined to go too fast. The basis for any 
professional career where the highest is to be attained must be 
a sound general education. Does anyone of you regret the les¬ 
sons gained in your own experience? Is not the experience of 
humanity as shown in properly written history of almost equal 
value? Would Russia now be in the sad condition existing had 
her people known that the experiments she is trying have always 
resulted disastrously? Yet is history thus considered in an ord¬ 
inary technical course? Again, do you not find a knowledge of 
the general principles of law and of the special rules of the laws 
of contracts of value? Are these considered essentials? What 
is the handicap of an Engineer who is unable to express his ideas 
clearly in spoken and written English? Is this taught thor¬ 
oughly in our technical courses? 

It goes without saying, that the study of pure and applied 
mathematics is found in all technical courses. But, are these 
subjects well grasped before their application in special techni¬ 
cal courses is studied? Is any faculty of an Engineer of greater 
value than the ability to form a mental picture of his problems 
and of its solution? Yet is that study which assists most in this 
faculty descriptive geometry—properly apprehended? Is there 
any branch of the profession which in its application is not 
based on a knowledge of topographical work, on a knowledge 
of construction materials and of how these should be used? Is 
the study of these branches of civil engineering insisted upon 
sufficiently in the mechanical and electrical courses? In effect 
would not our professional men be better equipped for their 
civil work were they not in too great a hurry in their youth to 
enter directly into life’s combat? Does not this war teach that 
without a long and elaborate preparation down to the last 
details, an attempted “drive” must fail? 

. These remarks apply to all Engineers, both military and 
civil. In the rush of war men cannot always be hand-picked 
for special jobs and frequently it becomes necessary for an 
available man to be used for the work immediately necessary, 
irrespective of his previous training. In this supreme test of 
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humanity the best man is he who is prepared to meet any emer¬ 
gency—perhaps not in the most finished way but to meet it. 

There are things that the engineers in this country can do. 

If they do know enough to give us some ideas for helping along 
in the killing of Bodies, for God’s sake let us have them. If 
they do not, what they can do is to help the supply of men for 
the winning of the war. We are now short of officers of 
Engineers, very short, and we are going to be very much shorter. 
We must have educated engineers for this work, and we must 
not’ only have the men for the line work of the army, but we 
must have mechanicians and artisans and laboreis for the 

special work. 

All of you men have spheres of influence do your best m 
them, and if you can be used otherwise, and the problem comes 
up in which we need you, you may be sure you will be called 
upon. There is this problem now, the supply of men, in 
which you can help, either by your own personal sacrifice, in 

going out, or by influencing others. 

Now as to soldier work. The movements of drill and the 
construction methods peculiarly military are easily learned. The 
knowledge of the art of war which will enable these to be applied 
promptly and properly is more difficult. But most difficult to 
acquire is the peculiar mental discipline which makes the soldier. 
The Army is a huge machine which must work co-ordinately 
in all of its parts. That competition, which in civil life causes one 
body to advance further and faster than another, is out of 
place in an Army. All must work together and for one common 
end.. Each man must so subordinate his will and desire to the 
common good as to work willingly and earnestly in the sphere 
allotted to him. This does not mean that all initiative is to be 
suppressed. On the contrary each man must use his initiative 
to the utmost, but in his own allotted sphere of action. Each 
must learn to obey and obey from the heart. Through such 
obedience comes the knowledge of how to command when com¬ 
mand becomes a duty. All of this is hard to learn. But each 
man who is called upon to help in this war must learn it, if he 
would help effectively. 

By all means let us have military training in our schools, 
but let it be true military training and not tin soldier work.' 

. There is another line of technical military knowledge which 
must also be studied hard. The machinery for the organization, 
training, supply and leadership of troops; the methods of ob- 
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taming, accounting for and issuing supplies; of keeping returns 
of the men; and the channels of command must be studied. To 
civilians in general this is wholly unknown, but if a man is to 
be of service in the Army, it must be learned until its use be¬ 
comes automatic. 

What have the Engineers done? War was declared April 6, 
1917. By the middle of July, nine regiments of- Rail¬ 
road Engineers had been raised and organized and two 
had actually started for France. In each regiment were two 
officers of the Corps of Engineers of the Regular Army, the 
Colonel and the Regimental Adjutant. The remaining officers 
were all from the Engineer Reserve Corps, some receiving their 
commissions only when on the point of sailing. Of course, few 
of the officers had had any previous military training and the 
tasks of organization were most difficult. Since then, there 
have been organized: 

Five Corps Regiments consisting of Sapper, Searchlight and 
Sound Ranging troops; 43 Sapper Regiments and trains; 2 
Mounted Battalions and trains; 5 Ponton Trains; 4 Inland 
Waterway Companies; 40-Railway Regiments and Battalions 
including all classes of Standard Gage and Light Railway troops 
necessary for the construction, operation and maintenance of 
railways; 1 Railway Transportation Corps; 1 Highway Regi¬ 
ment; 1 Gas and Flame Regiment; 1 Gas Training Service; 
5 Forestry and Auxiliary Forestry Regiments; 1 Surveying and 
Printing Battalion; 1 Military Mapping Service; 2 Supply 
and Shop Regiments; 1 Water Supply Regiment; 1 Quarry 
Regiment; 1 Mining Regiment; 1 Electrical and Mechanical 
Regiment; 2 Crane operating Companies; 1 Camouflage Bat¬ 
talion, 18 Truck and Auto Companies and 44 Depot Detach¬ 
ments. 

The greater part of these organizations is now overseas. 
Some are serving with the British Army, some with the French, 

but the majority is with our own troops, in service both at the 
front and in the rear. 

I wish I could go into greater detail as to the work of these 
Sound Ranging Corps, because it comprises some new elec¬ 
trical work of the highest character, and the apparatus for it 
has been perfected in this country. We took the best devised 
at the beginning of the war, and our physicists went to work 
and have made marked improvements. Perhaps you do not 
know what sound ranging is. The artillery is stationed in . the 
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rear of the line. There is almost no direct artillery fire any 
longer—that is, as a rule, the gun is fired from a point w ere e 
target cannot be seen at all. The first thing to be es roye , 
invariably, is the enemy’s artillery, then the trenches are attacked. 
The obstructions of wire are tom to pieces, t e treno es 
themselves are practically leveled, and after that is done, in e 
assault, there is what is termed the barrage fire. That, suppo 
you know means a fixed or slowly moving curtain of she s roppe 
on a certain given line and through which passage is almost 1 m- 

P On both sides the artillery is carefully camouflaged so it 
cannot be seen from aeroplanes. To show what care is taken, 
even the tracks that are made in taking the guns to the front; are 
wiped out, the guns themselves are covered, so that neit ei 
from an observation balloon nor an airplane from the enemy s me 
can the position of the gun be seen, and in order that the flashes 
of the gun cannot be located, there are dummy guns placed at 
intervals, and flashes from these guns made by electricity, 
so that the position of the real guns cannot be known. 

In order to determine the position of the real guns, there are 
delicate instruments which have been devised, which are p ace 
at intervals along the line. These instruments are for t e P 11 
pose of registering the sound of the gun. There is, first of a 
the sound of the gun in firing. That is preceded frequently, if 
the range be great, by the sound of the sheU passm;g thr<ough 
the air, and sometimes by the bursting of the shell itself, befor 
the sound of the gun comes. These are all recorde , an _. e 
velocity and the direction of the sound is known. y nvmg 
these instruments at different points on the line, the posi ion o 
any one gun can be “spotted,” and “spotted so c ose y a 
our own artillery fire can be directed and the gun bo e u . 
That is one of the improvements of modern warfare rendered 
possible by the advance in general human knowledge, particu¬ 
larly in electrical knowledge, and these instruments are very cxac 

This service of the rear is of great importance and magnitude. 
Picture to yourselves what is required to transport, house, supp y 
and maintain a million men three thousand miles from home, 
producing nothing and in their work expending enormous 

amounts of materials. . . 

Taking the question of storage alone, the provision of spac 
required for an army of 1,000,000 for ninety days aggregates 
20,000,000 square feet of floor space of covered storage and 
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double that amount of uncovered storage space., with the neces¬ 
sary railway tracks for receipt and shipment and for classifica¬ 
tion yards, aggregating about 650 miles. Add to this an equal 
mileage of highways, adequate provision for water supply, sewer¬ 
age and electric lighting and power and you can realize the 
work involved in this one item. Add to this the constructions 
which have been built at the Ports of debarkation (at one of 
which 375,000 square feet of wharf space had to be provided), 
the hospitals, barracks, shops, and the lighting, water and sewer- 
age systems required, and some conception of the actual new 
construction work done, can be formed. 

It is estimated that the supply of the army requires the 
transportation to the front of 25 lb. per man per day. This 
makes heavy demands on the French railway systems, good as 
they are. These have had to be supplemented in all but the 
main line trackage, and a large amount of motive power and 
of rolling stock has had to be supplied and operated. 

Among the special services, the work of the Geologists must be 
mentioned, and in the line of improved apparatus, it may be 
stated that new instruments and methods for airplane photo¬ 
graphy have been devised and introduced. Other new aux¬ 
iliary aids for fighting have been worked out, some of which 
have already proved their value on the battle field. 

1 es, the Engineers are doing their work well. Be it in con¬ 
structions m the rear, or under fire, be it in the transportation 
of ammunition to the firing line, the construction of strong 
points and obstacles, the construction and destruction of bridges 
m t e face of an enemy, or as in recent instances, under the feet 
of the enemy, or be it with their rifles in beating back an attack, 
ey are omg and dying . All glory to our Comrades in arms in 

ranee. ere is not a red-blooded American who does not 
envy them. 


But i S there not a war duty for us also, for us who 
are held on this side of the ocean? Yes, undoubtedly. To 
some is allotted a task in supply, to some a task in manufacture, 
to some a task m organization. But that is not all. The life 

t TT w US u g ° ° n ' Het Civil machiner Y must function 
s ur e . ■ ith so many called away from these civil duties, 

he onus of the work will be the heavier for those who are 

, £ ' . e eac ^ ^*en do his bit as and where it presents itself 
knowing that if each does his best, with love of country and 
forgetfulness of self as guides, the results are sure. 
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Gentlemen, I have been in the front line trenches, and a more 
abominable place for a man to be in, apart from any enemy, 
you can hardly imagine. It is raining there much of the time. 
The mud is up to your ankles, even though the trench be drained 
and the best attempt made to keep the drainage in good con¬ 
dition. The men at the front are distant from their supports, 
and they are scattered, maybe a dozen at a place, directly in 
the face of the enemy, and they have to stay there, and have 
to be prepared to resist any attack that comes, with a certain 
knowledge that should the attack come in force, or should a 
real earnest effort be made to take the line, they in' the front 
line are almost sure to perish, and they are not minding 
it. They are staying there in the face, not of possible death, 
but in the face sometimes of almost certain death. They are 
doing their work, and our engineers have the most dangerous 


part of that work to do. 

You remember in that first British drive to Cambrai, 
the Boches got in the rear of the firing line. They struck a 
part of one of our Engineer Railway Regiments, building light 
railways to the front to bring up ammunition. These men 
had not their arms with them. All they could do was to 
scatter and get in shell holes, and as soon as the Boches went y 
to rally and go back, and take the arms thrown down by the 
wounded or dead, and then pass over, and they forme t eir 

part of the line and did their share of the fighting. . 

The evening of the great drive, I had the honor of dining 
with Sir Charles Douglas Haig. He then told me of one of e 
battalions of the Sixth Engineers, which .had been with the 
British about six weeks, and in that time .they a ui l 7 

bridges with spans, ranging from 16 to 60 feet, and^ e spo e o e 
wonderful work they had been doing. Two ays a . . 
these men took their place and held about a mile of the Brit 

line, and held it so that the Boches could not get throug- 

The same happened with one of the railway regimes , 
again caught in the same way, and they formed a par 
miscellaneous army that Gen. Carey got toget er o P 

posedly non-combatant troops, and the'line ™ 

prevented the capture of Amiens. They hel 
There, again, the engineers played their part other 
Just two days ago a cablegram came aero 

side, about one of the companies, Co ^^’ 

First Regiment, which had been ordered P 
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dangerous work in the neighborhood of the Marne. As they 
started out, two of the officers were killed at once, but the rest 
went on and did what they were ordered to do. 

Then again, you have noted that when the Germans got down 
to the Marne and were crossing a bridge, some of the engineers 
waited until the head of the Germans had gotten completely 
across the bridge, which was filled with the Germans, and they 
blew up the bridge, and those who got there wished they had not. 

Our men are doing their work on the other side wonder¬ 
fully, and those are our brothers in the profession who have 
gone over and now wear the uniform. 

(General Black then exhibited some moving pictures showing 
the organization of the Engineers and how they do some of 
their work, and finally some of the work that they have al¬ 
ready accomplished in France, after which he added): 

In landing in France, you are struck at once by the number 
of maimed men you see on the street and by the women in black, 
and then, as you get to know them, you will see that these 
people are from their suffering simply the more determined to 
carry this war through to a successful finish. The same 
thing is true in England. You are struck by the grim determina¬ 
tion to win success at whatever cost. There, due to a difference 
of temperament, things are taken somewhat differently. I was 
at a tea in England, and was presented to an English woman 
of title. She was gowned just as any woman would be for an 
afternoon reception. In speaking to her I mentioned I had 
two boys in France. She said, “I did have four, I have only 
two now, and then seeing me look a little startled, she said, 
You know we feel.our private griefs must not be allowed 
to show, that we must not wear mourning, that we must go 

ahead with our ordinary duties and try to keep up the social 
life.” 

We have only just begun to fight. We have not begun 
to suffer. If you were there, and could see what these people 
have done, and what they are prepared to do, and then feel 
as you would feel, how completely they trust us to bring this 
war to a successful finish, you would feel, too, that it is up to 
us to equal them in endurance, equal them in sacrifice, and to 
see that freedom, individual freedom, is preserved for all time 
m this world. I thank you very much. 
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ELECTRIC POWER FOR NITROGEN FIXATION 


BY E. KILBURN SCOTT 


Abstract of Paper 

Reference is made to propaganda 
nitrates from air by those interested in keeping 

ant on supplies of nitrate fr °m Chth. involved in the 

A tabular comparison is made of 3p f r f^° nitrogen. The 
indirect method and the direct method of fix g c ' alcium 
indirect method involves the manufacture of cvanimid, 

and its combination with nitrogen to f 0I 7? obtained The 
from which ammonia and in turn mtnc acid are^tained. 1 n 

direct method merely consists in combining nitrogen and oxygen ? 

dectric energy 

with the platinum catalyst necessary to ^“Xd^sTetfe/be- 
nitric acid. It is claimed that the d F ect cr ^ od “ d ^e PO ssi- 
cause of the simplicity of plant and of °P ’creation is made 

bility of working with off peak power. T . direct arc 

tha/a number of plants for making the 

»»b., of *i* d S' P S? a” 

of same to the explosive factories would sabotage 

risk of interruption of supplies in case of accident o g 

would be less than in having a few very laf ge f actones. 

A diagram is given showing the la y°at of a battery ot ^ 

product coke ovens with an electric pow electricity, 

surplus gas and a nitrate from air plant the electricity^ 

Figures are given showing that the mtnc ammonia 

plant is about the right amount to combm yipmanri at the 

to form ammonium nitrate, a compound m great demand at tne 

present time for explosives. 

/'"YNE of the most powerful combinations in the world is that 
^ connected with the exploitation of Chile itra es, 
extend the uses of that material and regulate prices, etc '> 
is a Chile Nitrate Committee supported by the various m 

concerned. , . 

It was created for propaganda work amongs arm 

others, to facilitate the use of nitrate as a fertilizer but s 
advent of air nitrates some attention has been given . o 
ing the methods of fixing nitrogen from air.. is 
done partly by paragraphs in the press throwing doubtonthe 
financial and technical success of such methods, etc. German 
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influence, working through political clubs and the press, also 
assisted the Chile nitrate propaganda while at the same time 
German scientists were being assisted in every possible way 
to develop air nitrate processes in their own country. 

Years before the war, some of us saw that the question of 
supplies of Chile nitrate for the manufacture of explosives would 
be an important factor, and in 1911, at the Portsmouth meeting 
of the British Association, and later at a meeting of the Society 
of Arts in London, I sounded a note of warning. 

Immediately after the war started, the German government 
appointed an electrical engineer, head of the Allgemeine Elek- 
tricitats Gesellschaft, to expedite the manufacture of explosives- 
Air nitrate plants already in operation were greatly extended, 
and new nitrate plants and the power houses necessary to supply 
them with electricity, were put in hand. One such power house 
built early in the war at Bitterfeld, develops 185,000 kv-a. 
from lignite coal. 

Even after three and a half years of war, the Allies still remain 
practically dependent for explosives on supplies which have to 

be brought thousands of miles across the sea from a foreign 
country. 

So far as Great Britain is concerned this policy of dependance 
on supplies from oversea, appears to have been dictated by the 
Ministers of munitions, two of whom have been lawyer politi¬ 
cians, and one a doctor of medicine. They were probably acting 
partly on the advice of the head of the department of explosives 
Su -Ppl^ s j also a member of the legal profession. 

Considering how much this is an engineer’s war, and how 
expert are the men in charge of the departments in Germany 
which handle such matters, does it not seem absurd that any of 
the technical affairs on the Allied side should depend on persons 

whose particular ability in life is to make speeches that catch 
the popular vote. 

The transportation of Chili nitrate requires much shipping 
that might be used for other purposes and also occupies attention 
on the part of the Navy, in order to keep open the sea routes* 
In 1917 the nitrate imported to United States from Chili amoun¬ 
ted to 1,742,540 tons (see figures of Imported Supplies given 
toward the end of paper) and presumably at least as much 
more would go direct to Europe from Chili. The average 
export taken over every day in the year is at least 10,000 tons, 
and as a round trip is about three months, an easy calculation 
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shows that about 1,000,000 tons of shipping valued at $150,000,- 
000. is tied up in this Chili nitrate carrying trade. 

Huge s um s have also to be paid for the nitrate, and to shippers 
and brokers for transportation, insurance, etc. On the other 
hand by being independent of Chili, the Germans have kept 
their money at consequent financial and economic advantage to 

the country. . . , 

With the right men at the head of affairs, possessing exp 

first hand knowledge of the engineering and chemical problems 

involved, the Allies could have become equally independent o 

Chili and much money and man power which have been absor e 

in building obsolete chemical and other plants would have been 

saved. 

To their credit, certain scientists and engineers of this coun¬ 
try not only saw the danger, but insisted on the authorities 
taking action by providing money to establish plants for the 

manufacture of nitrates. _ « « 

At the same time, in this country as well as in England, there 

has been time lost, owing to certain parties maneuvering to o 
tain the adoption of their own process to the exclusion of others. 
In so large a field as nitrogen fixation there must necessarily 
arise numerous improvements in the various processes so that it 
is not possible today for anyone to gage or forecast their future 

relative economic values. # 

This is particularly the case with processes in which electrica 

energy plays a leading part for it is a sort of ingrained habi 
of the electrical engineer to simplify and revolutionize existing 
methods that they eventually become essentially electrica . 
The whole history of electrical progress, and especially o e ec ro- 
chemistry and metallurgy establishes that fact. 

Investigation boards or committees dealing wit ni ra e 
problems should be largely made up of engineers who have ex¬ 
pert first hand knowledge of electric power conditions and of 
apparatus, etc. It is not right that chemists should have 
practically sole power to pass upon processes m a field which 
electrical engineering is capturing so completely as the pro- 

duction of nitrates. . 

I feel that the merits of the arc flame process for making nitric 

acid have not been adequately and sympathetically considered, 
and this paper is written with the special object of stating t em. 
I wish also to remove the misconception that the arc flame pro¬ 
cess is dependent on water power and that it can only e m- 
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stalled economically on a very large scale. The matter is one 
of special interest to electrical engineers especially those con¬ 
cerned with the production and supply of electrical energy. 


Methods of Making Nitric Acid 


Atmospheric nitrogen can be fixed either as nitric acid or as 
ammonia. The first named forms a basis of all explosives, 
whilst ammonia is used for one explosive viz. ammonium nitrate 
and for that purpose it must be combined with nitric acid. 

The only way to make nitric acid direct from the air is to 
combine the nitrogen and oxygen of the air in the electric arc, 
and then combine the nitrous gases so produced with water to 
form acid. Owing to its simplicity this is called the direct method. 

To make ammonia from atmosphere nitrogen the most straight¬ 
forward method is the synthetic which has been adopted at 
Nitrate Plant I at Sheffield, Ala. By this method pure nitrogen 
and pure hydrogen are raised to a high pressure and temperature 
and in the presence of a catalyst they combine to form ammonia.' 

Another method called the indirect is used at Nitrate Plant II 
at Sheffield and briefly this is to make carbide of calcium and- 
treat it with nitrogen to form calcium cyanamid, the cyanamid 
being then acted on by steam to produce ammonia. 

. obtained the ammonia it has now to be made into 

nitric acid,, and this is done by the catalytic process of Prof. 

stwald using platinum as the catalyst. The method adopted 
at Sheffield, Ala. is to take about half the ammonia produced, 
an convert it into nitric acid and then combine this acid with 
the remainder of the ammonia to form ammonium nitrate. 
Clearly this makes just half the quantity of ammonium nitrate 
sr v ou e possible, if all the ammonia was to be combined 

With nitnc acid made in some other way, as for example by the 
direct arc process. 


For some considerable time there has been great shortage of 
ammonia, and therefore, to use any of it as raw material for 

pohcj^ ° Sen com P ound nitric acid-seems short-sighted 


The unit value of nitrogen in ammonia, is just as high as the 

* mmc acia, so it is economically and 
ancialiy unsound to at any time make nitric acid from am¬ 
monia as a raw material. For this reason it is impossible for the 
manufacture of nitnc acid via cyanamid and ammonia to compete 
under normal conditions with other methods. P 
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Those interested in the indirect method have drawn compari¬ 
sons between it and the direct electric arc process, with the ob¬ 
ject of showing that the indirect is the better. A tabular state¬ 
ment of all the operations involved in the two processes as given 
below is the best way to make the comparison. 

Indirect Method Em- Direct Method Em¬ 
ploying Calcium Cyana- ploying the Arc Flame 
mid to Make Ammonia and Furnace Only 

Oxidising the Ammonia to 
Acid by a Catalyst 


Factories 1* To make calcium car- 1. To make nitric acid. 

bide. 

2. To make cyanamid. 

3. To make nitric acid. 

Operations 1. Burning limestone. 1. Blowing air through 

electric arc flame to 
produce nitrous gases. 

2. Grinding lime. 2. Absorption of gases in 

tpwers to produce acid. 

3. Grinding coke or an¬ 

thracite. 

4. Mixing lime and car¬ 

bon in correct propor¬ 
tions. 

5. Making calcium car¬ 

bide in electric fur¬ 
naces. 

6. Grinding carbide to 

fine powder in neutral 
atmospheres. 

7. Making liquid air to 

produce pure nitrogen. 

8. Packing calcium car¬ 

bide into retorts. 

9. Making calcium cyan¬ 

amid by adding 
nitrogen and by heat of 
electric resistors. 

10. Emptying cyanamid 

from retorts. 

11. Grinding cyanamid to 

a fine powder. 

12. Hydrating cyanamid to 

rid it of unchanged 
carbide. 

13. Superheated steam. 

14. Treatment of cyana¬ 

mid with steam in 
autoclaves to produce 
ammonia. 

15. Cooling the ammonia 

and elimination of 
water. 
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16. Oxidation of ammonia 

to produce weak nit¬ 
rous gases by means of 
platinum catalyst. 

17. Absorption of gases in 

towers to produce 
acid. 


„ ,, . , Indirect Method 

Raw Materials 1 . Lime. 

and Renewals 2. Coke. 

3. Carbon electrodes in 

carbide furnaces. 

4. Carbon resistors in cy- 

anamid retorts. 

5. Pure nitrogen. 

6. Superheated steam. 

7. Air. 

, 8. Water. 

Electric Energy for 1 . Carbide furnaces. 

2. Grinding carbide. 

3. Cyanamid retorts. 

4. Grinding cyanamid. 

5. Heating catalyst. 

6. Motors. for power, etc., 

including several 
cranes. 

Skilled Labor for 1 . Carbide furnaces 

2. Cyanamid retorts. 

3. Packing cyanamid. 

4. Grinding machinery. 

5. Making pure nitrogen. 

6. Making. ammonia. 

7. Catalytic process. 

8. Absorption plant. 


Direct Method 

1. Air. 

2. Water. 

3. Metal electrodes. 


1. Arc flame furnaces. 


1. Arc flame furnaces. 

2. Absorption plant. 


It is frequently stated that the amount of electric energy re¬ 
quired for a given quantity of nitric acid produced by the indirect 
process, is less than that required by the direct, and this is put 
forward as a strong argument in favor of the indirect method. 

learly, however, the only way to compare two methods is to 
take into account all the factors which go to make up the total 
cost, and appraise them all at their proper values. 

If two processes are to be compared as regards one factor 
only, then it may with equal justice be claimed that the electric 
energy represented by a few motors and lights required for a 
plant making acid from sodium nitrate, is less than the electric 
energy required by all other processes for making acid. Such a 
statement does not prove anything, and yet it is similar to the 
one put forward by the advocates of the indirect .process. 

Even when comparisons are made on an energy basis, they 
are useless, unless all forms of energy are included. For example, 
the steam for the autoclaves of the indirect process has to be at 
150 lb. per sq. inch superheated to 350 deg. fahr. and this requires 
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considerable heat energy in the form of burning coal. Steam is 
also required for evaporation of water from the products of the 
end process, and for the distilled water for the acid absorption 
towers. The heat energy required for these various purposes 
should therefore be added to the electric energy taken by car¬ 
bide furnaces, the cyanamid retorts, and for heating the catalysts. 

On the other hand, the direct arc process raises its own steam, 
from heat of the hot gases coming from the furnace. This steam 
is sufficient for the end process and for distilled water and also 
under certain circumstances, may be used for generating electric 
power, so that the process can work regeneratively. At the 
Norwegian plant at Rjukan II, for example, there are three 
4000 kw. steam turbo-generators, generating electricity with 

steam raised by the furnace gases. 

The energy which can be regenerated in this way may be over 
15 per cent, and this should of course, be deducted from the 
total electric energy measured into the furnace, when estimating 

the energy used for a given yield. 

Obviously the cost of plant using the indirect method, will be 
very much greater than that in the case of the direct, for if we as¬ 
sume that the cost of a carbide furnace and its accessories is 
about the same as that of an air nitrate furnace with its ac¬ 
cessories, then, the indirect process embraces in addition: 

1. A complete plant for making cyanamid. 

2. A liquid air plant for making pure nitrogen. 

3. Powerful machinery for grinding the carbide and the 

cyanamid. 

4. Steam boilers and autoclaves for making ammonia. 

5. A complete catalytic plant for oxidizing the ammonia to 

nitric acid. 

In the indirect method it is essential to have all the materials, 
gases, etc., absolutely pure, for example at the cyanamid works 
at Odda in Norway it was necessary to carry a pipe up the 
mountain side so as to ensure a supply of pure air to the liquid 
air plant. 

When carbide is converted into cyanamid some of the former 
remains unchanged and in order to obviate danger of explosion 
a special treatment of the mixture is necessary to ensure a total 
decomposition of the remaining carbide. 

To convert ammonia into nitric acid a catalyst is employed 
and this usually takes the form of a net of platinum wire, the 
surface of the wire being covered with finely divided platinum 
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black. The catalyst is readily poisoned by impurities in the 
gases etc., when the yield then falls considerably. The process is 
t ere ore a very delicate one and requires much skill to operate 
successfully. To reactivate” the metal, it is necessary to 
subject it to an acid treatment and eventually to remelt, in 
W lc process it is impossible to avoid loss of this expensive 

Russia is almost the sole source of platinum, and whilst our 
y, cou d be depended upon. Today with Germany practically 
crntm^ng that C0Untry ’ the Position is serious. The various 
a le . overnments have had to commandeer platinum as it is 
essentia or several war purposes. With utmost deliberation and 
oresi fe t the Germans are working to control the worlds store - 
ouse of platinum in the Ural Mountains and any processes 
w lc epend upon this rare metal are going to be very seriously 
hand,capped. I consider that those who have had a hand in 
ar m to new processes dependent on platinum are very blame- 
won: y on-technical politicians could not be expected to 

now t ese things but those who did know should have informed 


. By the d J rect method the cost of air is nil, and the cost of water 
prac ica y that of pumping. On the other hand, the materials 
^ quire m t e indirect method are very expensive and especially 
, CU 00 a t the present time. Over three fourths of 
I- ? i COS ° W . 0r * ng the indirect process is represented in materials 
w 6 ° pnCe fluctu ation. These are now much higher than 
etore the war, and will remain at the higher level after the war. 

Uu , F ect meth0d less than one - fif th Of the total cost is 
represented m materials dependent on market rates, and the 

tend 1 em ,° C ° St ’ namely e ^ ec tric power, will, if anything, 
tend to come down in price. 

,• U 6 dir6Ct meth od is very simple to operate, whilst the in- 
the n reqmreS mUC ^ sklUed a n d unskilled labor, and some of 
labor P d e e m fl 10 d S ^ danger0US t0 health. Therefore, the more 

handica^S' “P ,h ' be 

^ p t. There are many separate links 
the slwhUTf. • ,° pe y atlng ’ t0 make the whole run smoothly and 

holds up the whole'system^ 1011 ^ ^ °“ Hnk necessarily 

of^r^r ° f Cyanamid has t0 he carried out in retorts 

is to enabtrthT f Ze “ ^ mUCh labor to set e tc. This 

enable the mtrogen gas to penetrate to all parts of the con- 
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tained carbide. The times of the reaction and the cooling 
down, etc., are definitely fixed and it is quite impossible to work 
the process with off-peak power; also should there be an acci¬ 
dent or failure of current for a time, the cyanamid retorts and 
the carbide furnaces may be injured. 

All nitrate processes have a military bearing as regards pre¬ 
paredness, in which is involved the question of transportation. 
The heavy and bulky raw materials necessary for the indirect 
process places it at a serious disadvantage from this point of 
view, especially at the present tinTe when the railways are so 
congested. With the direct process there is no carriage of raw 
materials. 

The indirect process has been strongly advocated in that 
after the war, cyanamid will be much used as a fertilizer. On 
the other hand a large number of objections have been voiced 
against such use, as witness the following extract from a book 
by Dr. Brion: “Cyanamid cannot be used with a large number 
of soils such as very sandy or moor soils, or with such soils as 
tend to become acid. Further it cannot be used for growing 
tobacco nor for some kinds of fodder. It is useless as a top 
dressing and can be applied only in dry weather when it must be 
plowed in at once. Cyanamid attacks the eyes of men handling 
it.” 

Whilst some of these objections may have been overcome by 
making the cyanamid granular and probably also some of them 
are over-emphasized, it still remains true that cyanamid is by no 
means as good a fertilizer as nitrate. 

The effect of the calcium in calcium cyanamid in the presence 
of moisture is to cause the reversion of phosphoric acid and there¬ 
fore it can only be used in limited quantities in a combined 
fertilizer. 

In a legal action in the State of Maine between the Armour 
Fertilizer works and Ellis Logan, in April, 19i6, there was 
expert testimony that calcium cyanamid destroyed a crop of 
potatoes and that not more than 60 to 70 lb. of it should be 
used per ton of fertilizer. 

Electric Power 

As a basis load for a power house the direct arc process presents 
the advantage that it can be established anywhere, because the 
raw materials being only air and water, considerations of trans¬ 
portation do not enter into the situation. 
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t is particularly suitable for off-peak or off-season loads, for 
ere is no fused material to solidify, and little to deteriorate in 
s ^°PP a £ e * Some of the furnaces can be switched on and 
o ice an arc lamp, without detriment to brickwork or structural 
details, or to the process of manufacture. 

As there seems to be some doubt as to the possibility of running 
arc urnaces intermittently on a commercial scale, I would 
mention that about seven years ago a nitric acid factory was built 
at egnano, Italy to utilize 10,000 horse power, especially dur¬ 
ing t e night (see Utilization of Atmospheric Nitrogen by T. H. 
orton p. 68). Of course this plant has been considerably ex- 
} ^ s P ec i a ^y since the war. I am also credibly informed 
.fl ln „ erman Y there is a very large arc process plant working 
wi o -peak .power. At any rate there is no difficulty in doing 

> e J eas ^ * s impossible to work intermittently with any other 

method of fixing atmospheric introgen. 

In some ways, it is an advantage to run a plant for 8000 or 

ess ours per year, instead of the full number, because the 

spare time can be conveniently used for renewals and repairs, 

ess spare plant is thus required and the plant can be operated 
by two shifts of men. 


ecause the plants in Norway are very large and only use 
y oe ectnc power, a mythology has grown up, that the arc 
me process can only be worked commercially on a very large 

scale, and with water power. It is, however, worth while to builc 
plants m units to utilize 10,000 kw. 

As a matter of fact hydroelectric power may be a disadvantage 
cause o its distance from industrial centers, for either the 

tv, a ° r ^ ^ ° 6 ^ ace< ^ * n an out °f the way position, or else 

the power has to be transmitted over a long transmission line. 

i f,° f th ® 0 Pmion that electrochemical factories should be 

,, nea y 6 P ower supply, and the ideal position is alongside 
the power house especially if off-peak power is used. 

a nat ional emergency it is surely better to bring into im- 

to start 6 SUrplus equipment that already exists, than 

and houses > Aether hydraulic or steam, 

ina with S nff ^ direct ~ arc flame P r °eess is suitable for work- 

olants bo f ^r a h P ° Wer ’ 1 SUgg6St that a num ber of nitrate 
Plants be forthwith erected at existing power houses. 

each^a-Tnowf ^ ° r m ° re nitrate pl ant s of say 10,000 kw. 

tW m u ° USeS nCar pkces where titrates are required 
there would be great saving in transportation and eariy £ 
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liveries of nitrate could be made. Further there would be less 
risk of temporary interruption of supplies in case of accident or 
sabotage. 

As a matter of fact there are power houses which could easily 
spare more than 10,000 kw. for over 20 hours a day and through 
the week end. Also there are power houses fully equipped with 
steam plant now standing idle which in the present crisis they 
might just as well be brought into use even if the cost of 
generation is high. 

To give an idea of plant available, the following particulars 
of power houses will be of interest: From the existing plants in 
New York City, Mr. F. Hedley has recently estimated that 
about 115,000 kw. of off peak power might be supplied. In 
Chicago the existing power houses have a capacity of 470,000 
kw. with additional 42,000 kw. now being installed. The 
maximum peak load of December 26, 1917 was 290,000 kw. 
for only half an hour, and by shutting off heaters on the surface 
and elevated cars during this short period, the engineers estima¬ 
ted that at least 90,000 kw. would be available. 

There is no doubt that by restricting what may be called the 
luxurious uses of electricity, a considerable amount of generating 
plant in various parts of the country can be released for urgent 
war purposes, and this can be done without much increasing the 
coal consumption. There are also, the water power plants. 

I was in Birmingham, England when for some months the 
street car service was stopped every day for between meal times, 
in order to save coal. The people readily adapted themselves to 
the conditions and the extra walking did the business people 
good whilst lack of street cars in the afternoon kept the women 
at home who were not engaged in war work. 

In the numerous coal fed power houses of this country, a very 
large amount of fuel is wasted by having to keep the fires banked 
in the boilers’ during the valley periods of the load. Therefore 
there would be considerable saving by linking such stations to 
an industrial process which depends essentially on the utilization 
of electric energy, and the furnaces of which can be started and 
stopped with the facility of switching on and off an arc lamp. 

The direct arc process fills these conditions perfectly, and it is 
the only chemical or metallurgical process which can be utilized 
easily with off-peak power. It takes the alternating current 
exactly as generated, for the furnaces can be built to utilize 
voltages generally available. There is no fused material_to 
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become frozen when current is shut off as in the case of carbide 
of calcium furnaces, steel furnaces, etc. 

Some electrolytic processes may be run intermittently but they 
require direct current, and therefore there is great additional 
cost for transforming machinery etc. 

Hitherto power station managers, have been content to merely 
supply electric energy and have taken little interest in the 
purposes for which the energy was used, at any rate from a 
financial point of view. The time seems to have arrived when 
this policy should be changed, and every power house, should 
have its own base load factory to utilize off peak power. I know 
of no better form of such load, than the manufacture of nitrates 
from the air by the direct arc process. 

By filling in the valleys the load factor is much improved and 
this would have the immediate effect of reducing costs. There 
has, however, been too much consideration given to ques¬ 
tions of cost. With U-boats on the high seas trying to stop 
supplies of Chile nitrate, the railways congested with traffic and 
electrical works engaged in making munitions, it is of little use 
discussing power costs. The thing to do is to make full use of 
plants already installed. 

Recently much has been heard of the suitability of Muscles 
Shoals, Alabama as a site for the manufacture of nitrates be¬ 
cause of the water power which is to be developed there, but it 
will take at least four years to complete the hydraulic works. 
In the meantime a large steam power house is being built in 
order that the cynamid process may be put in to early operation. 
This includes a 60,000-kw. turbo generator and should any¬ 
thing happen to it, the nitrate plant would be stopped as the 

various steps of the indirect cyanamid process are so inter¬ 
locked. 

Viewed from this standpoint it would seem to be better in 
every "way to have the manufacture of indispensable materials 
for explosives manufactured in a number of smaller plants, in 
widespread centers and by other processes, than the indirect or 
cyanamid method. 

Coke Oven and Nitrate Plants 

At the present time ammonium nitrate is required in very 
large quantities for burster charges for shells, torpedoes, mines 
grenades, etc. This is made from two components, viz., nitric 
acid and ammonia, both of which are difficult to transport, the 
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first because it is a corrosive acid and the second because in 
every ton of aqua ammonia there are about 2| tons of water. 

An industrial plant capable of furnishing electric energy as 
well as a supply of ammonia would be ideal, and it so happens 
that this is the case with a regenerative coke oven plant. Half 
the total gas made is available and this can be easily turned into 
electric energy whilst at the same time the nitrogen contained in 
the coal provides about the right amount of ammonia necessary 
to combine with the nitric-acid made from the electric energy 
by the arc flame process. 

In order to show how ideal such a system is for making am¬ 
monia nitrate, I have prepared following diagram. 
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The scheme provides for a combination of a battery of coke 
ovens with an ammonia recovery plant together with an electric 
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power house In order to utilize the surplus gas. Alongside the 
power house, there is an electrochemical plant for the manu¬ 
facture of nitric acid from air by utilizing the three-phase high- 
tension current. A nitrate house is provided for the purpose 
of combining the ammonia from the coke ovens with the nitric 
acid from the elctrochemical plant. 

It happens that the by-product of the acid factory is sodium 
nitrate-nitrite, which is made by combining the gases remaining 
from the acid towers with caustic soda or soda ash. Electro¬ 
lytic cells may be laid down as shown in the diagram for purpose 
of making caustic alkali from brine. 

It will thus be seen that the complete project requires only 
two raw materials viz., coal and brine, and on the other hand, 
the products which can be made are coke and ammonium 
nitrate together with toluol, benzol, naptha, tar and sodium 
nitrate-nitrite. 

If electrolytic cells are used there are also the products chlorine 
and bleaching powder. The chlorine can be combined with the 
benzol to form chloro-benzol which is an important inter¬ 
mediate in the manufacture of dye-stuffs as well as in the manu¬ 
facture of picric acid. 

Tri-nitrotoluol or T. N. T. is a combination of nitric acid and 
toluol and it will be noted that the plant supplies both these. 

From the point of view of efficient management, and of 
elimination of transportation charges, the combination is unique, 
for the ammonia has only to be piped a few yards to the nitrate 
house and there is no carriage of acid. 

As a cheap supply of coal is indispensable for the project, it 
would be well to locate the plants at industrial centers where 
this raw material is readily available and which in all probability 
would be locations where transportation charges are low. 

In order to show what can be done with a coke oven plant, 
the following particulars will be of interest. I take a Koppers 
type of oven as being the better known, but the figures have 
general application. 


Quality of Coal 

Low volatile coal ... 

Mixture containing SO per cent 
high, volatile 20 per cent low 

volatile........ 

High volatile coal.. 


Tons 

Hours 

per charge 

coking time 

13 H 

18 _ 

12 a 

16 H 

n j* 

15 
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A battery of ovens varies in size but we may as well take a 
round number of 100 for which the average yields are as follows: 


Number of ovens..100 

Tons of coal per oven.. 12J 

Hours coking time. 16 

Total yield of coke. 72 per cent 

Yield small coal and breeze... 5 per cent 

Net yield good coke... 67 per cent 

Ammonium sulphate per ton of coal. 25 lb. 

Reckoned as ammonia per ton of coal. 63^ lb. 

Tar per ton of coal. 9 gal. 

Light oil per ton of coal. 3 gal. 

Total gas per ton, of coal. 11,000 cu. ft. 

British thermal units..... 550 per cu. ft. 

Surplus gas. 55 per cent 

Surplus gas per ton of coal.6,000 cu. ft. 


Such a battery of ovens, each of which distils 12J tons of 
coal in 16 hours, will deal with 


100 X 12.5 X 24 
16 


= 1,900 tons per day 


Assuming 6000 cu. ft. of surplus gas per ton of coal and 550 
B.t.u. per cu. ft. the total heat value per hour will be 


1900 X 6000 X 550 
24 


= 260,000,000 B.t.u. 


If employed in gas engines using 13,000 B.t.u. per h.p-hr. 
the power will be 


260,000,000 

13,000 


= 20,000 h. p., or say, 14,000 kw. 


If steam boilers and turbines are used instead of gas engines 
the power will be less, so to be on the safe side, we will take the 
round figure of 10,000 kw. 

We will also assume that electric furnaces utilizing 10,000 kw. 
for a whole year, can produce 6,300 tons of 100 per cent acid. 
Nitric acid capable of furnishing theoretically 8000 tons of am¬ 
monium nitrate as indicated below:— 


Molecular weights 
In short tons 


NH 3 + HNOa * NH4NO3 
17 63 80 

1700 6300 8000 
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Allowing 25 lbs. of sulphate of ammonia or 6^ lb. of ammonia 
per ton of coal, a total consumption of 1900 tons of coal per day 
should give. 

1900 X 365 X 6.5 ooeA A 

-- — 2250 tons per annum 

20,000 

It will thus be seen that there is plenty of ammonia to combine 
with the acid made by the surplus gas, even if a higher yield of 
acid is allowed per kw-yr. and more power is generated. 

I purposely leave out of discussion, questions as to types of 
nitrogen fixation furnaces and of yields obtained. I may say, 
however, that it is not right to assume that yields are limited 
to those usually obtained from certain well known furnaces 
which must of necessity work with single-phase current. 

The amount of ammonium nitrate will be less than the 
theoretical figure because the efficiency of the reaction is not 
100 per cent, also it is usual to convert a certain amount of the 
gas into sodium nitrate-nitrite. A safe figure would be 6000 
tons and at this rate it can be shown that with electric energy 
at 5 mils per kw-hr. and ammonia at 12 cents a pound, the am¬ 
monium nitrate can be made at less than half the price the 
Government is now paying. 

In order to show how large a business the nitrogen industry 
has become, the following figures (compiled by Dr. Paul J. Fox) 
give the nitrogen balance sheet for the United States for 1917. 


IMPORTED SUPPLIES 


Tons 

of 2,000 lb. 

Chile saltpetre 95 percent NaN 0 3 . 1,742,540 

Ordinary saltpetre, potassium, nitrate 4,609 

Ordinary saltpetre and gunpowder 

containing 75 per cent KN0 3 .. 1,500 

Ammonium sulphate. 8135 

Ammonium chloride. 1,073 

DOMESTIC SUPPLIES 

Coke oven ammonia—NH 3 . 113,760 

Gas works ammonia—NH 3 . 12,500 

Calcium cyanamid at 20 per cent 

nitrogen .. 12,800 

NITROGEN EXPORTED 

Tons 

of 2,000 lbs. 

Nitric acid, 15 per cent nitrogen... 486 

Picric acid, 18 per cent nitrogen... 26,610 

Dynamite, 12 per cent nitrogen .... 8,962 

Gunpowder and smokeless powder, 

13 per cent nitrogen. ’ 223,270 

Ordinary saltpetre... 075 


Tons 

of Nitrogen 
272,880 
645 

210 

1,725 

280 


93,625 

10,288 

10,534 


Tons 

of Nitrogen 
73 
4,790 
1,255 

29,025 

m 
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In addition to the above, there are also about 8800 tons rep¬ 
resented nitrogen in the following items which are the figures 


for 1917. 

Value 

Loaded cartridges. $42,000,000 

Fuses. 34,000,000 

Shells and projectiles. 74,000,000 

All other. 202,000,000 


Total 253,000,000 


It will be noticed that ammonium nitrate is not included in 
these figures, but I assume it would be about 50,000 tons for 
1917. 

In Great Britain the consumption of ammoniun nitrate is 
now probably 400,000 tons a year, and the production here will 
have to be at least as much. To make this, the theoretical 
proportion of ammonia required is about 85,000 tons and of 

nitric acid about 315,000 tons. 

It will thus be seen that the coke oven plants in the country 
could supply all the ammonium nitrate required if they were 
equipped for the purpose. I do not suggest that existing ovens 
should be so used, because much of the gas is already allocated 
for various purposes but for new installations of coke ovens it 
would be worth while to consider the use of the surplus gas and 
of the ammonia in the way suggested. 

The idea of using coke oven gas for generating electric power 
for general supply is gaining ground and there are a good many 
such installations in the North of England where electric energy 
has been sold at lower rates than appears to be general in the 
United States. When a company owns the power house as well 
as the coke ovens it can of course sell the surplus gas to itself at 
a very low rate or even at zero. A battery of coke ovens is a 
good paying proposition independent of any money received for 

surplus gas. 

The company operating at Fairmont, West Virginia is com¬ 
pleting a new power house at the mouth of a coal mine which 
will have two 10,000-kw. units, and the company has 12,000 kw. 
in gas engine units which will be worked with gas from coke 
ovens, so that by 1919 there will be 15,000‘kw. to spare. 

Until recently most coke oven ammonia was converted into 
sulphate, but owing to the war demand for nitrate, more and 
more of it is being made into aqua-ammonia of about 29 per cent 
strength. In some cases this is being transported many 
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hundreds of miles prior to conversion into ammonium nitrate 
and since each ton of ammonia necessitates the transportation 
of about 2 \ tons of water, the bearing of this, on the present 
railway congestion is at once apparent. Tank cars have to be 
used and they must return empty, so the freight on the actual 
ammonia carried is extremely high. 

There are many coke ovens of the wasteful bee-hive type in 
operation, which do not recover by-products and the replace¬ 
ment of these by modern coke-ovens would be a great immediate 
economic gain and meet present war conditions. Coke ovens can 
be built quicker than large dams for water power and they have 
the great advantage of giving many products besides coke which 
are useful for war purposes. 

In the present emergency coke ovens are of great value be¬ 
cause they give coke for making steel, gas for power purposes> 
ammonia for nitrate manufacture, and toluol and benzol for 
explosives. 

After the war ammonium nitrate will be in demand for 
fertilizer as well as for safety explosives and other purposes 
The high percentage of nitrogen which it contains viz., 35 per 
cent and the ease with which it can be converted into other 
compounds makes it especially useful for conveying nitrogen in 
the fixed form over considerable distances. 

It is more profitable to make nitrate than sulphate, because, 
pound for pound, the nitrate contains nearly twice as much 
fixed nitrogen and the nitrogen commands a higher price per 
unit when in the form of ammonium nitrate. 
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Discussion on “Electric Power for Nitrogen Fixation” 
(Scott), Atlantic City, N. J., July 27, 1918. 

C. P. Steinmetz: I decidedly agree with Mr. Scott in the 
conviction that the final solution of the nitrate problem is to be 
found in the arc flame process or direct process. I have read 
numerous reports during the last fifteen years aiming to prove 
the contrary, but I have not been convinced, and I have always 
had the feeling that the chemical engineers who made these 
reports, while endeavoring to be thoroughly impartial, were so 
much more familiar with chemical methods and relatively less 
familiar with electrical phenomena, so that the conclusions 
derived by them have been influenced unintentionally by their 
familiarity with the one class of work and unfamiliarity with 
the other class of work. 

I agree that the direct process requires more electric power 
than the cyanamid process, for instance, but at the same time 
there are other processes, like the ammonia process, which 
require no electric power, and the reason why the cyanamid 
process requires much less power is that of the various operations 
only a very small part, the first quarter, is carried out electrically. 
We may put the statement the other way and say that in the 
direct process nothing but electric power is required, and all the 
work is done by electric power, while in the other, the indirect 
processes, electric power plays only a secondary part, or no part 
at all. 

The present situation, as we all realize, is peculiar, that we 
have to face an emergency. It is not a question whether the 
one process is better or more economical than the other one, 
but the question is, first, which process can be brought into 
operation on a larger scale in the quickest manner. I am not 
sufficiently familiar with all the data which are available, to 
judge about this, but I am willing to accept the judgment of 
those who have gone over the field and decided that the cyana¬ 
mid process offers the best possibility of getting in operation on 
a, large scale in the quickest possible time, but that in addition 
thereto extensive experimentation and development should be 
carried out which may lead to more efficient, and therefore final, 
methods, but I believe a very great mistake is being made by 
our nation by not considering in this proposed development, or 
practically not considering, the arc process. 

We must realize that without a powerful nitrate industry we 
are. defenselessly at the mercy of any power which controls the 
ocean, and that we must have a strong nitrate industry indigen¬ 
ous to this country, not merely for the time of this war, but 
forever after, and such a nitrate industry can subsist on a large 
enough scale to be useful in emergencies only if an extensive use 
is found in peace times, and that use must be in the fertilizer 

industry. - 

That means an extremely cheap method of production, and 

that means as far as power is concerned, it must be capable ot 
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operation with the cheapest power, that is, secondary power or 
off-peak power. 

Of all the methods of nitrification the only one which is 
capable of efficient intermittent operation is the arc process, or 
direct process.. The arc is equally as efficient in the second or 
milli-second after it is started as it is after continuous operation 
for days. That is not the case, however, with the cyanamid 
process, where even a very short time interruption means freez¬ 
ing of the carbide furnace and serious loss and interruption. 

I. saw some time ago a confidential report by a prominent 
engineer sent by one of our largest utility corporations to Norway 
to. study the Norwegian process, to see whether it could be 
utilized in the use of off-peak power, and the report in its con¬ 
clusion said that the Norwegian process,—as I may call the arc 
process as it was some years ago operated in the Norwegian 
plants, if.it is operated, not continuously, but half the time, 
then even if the power cost absolutely nothing, it would not be 
economical, because the interest on the investment would be 
greater than the value of the nitrate was at that time. Possibly 
it is. different now, but I have no reason to doubt that the con¬ 
clusions were correct. I do not know whether the process has 
been improved at the present time, but that, together with 
several other features, is a part of the general situation in regard 
to the Norwegian method. 

We hear and have definite information that the Norwegian 
arc process nitrate plants are commercially successful and 
profitable, but we also hear that the conditions there are peculiar, 
such as cannot be found in our country, and the peculiarity is 
claimed to be the very low cost of power. That is not strictly 
true in all respects, because off-peak power here can be secured 
cheaper in many cases than the Norwegian power. The peculiar 
condition of the Norwegian plant, as it existed some years ago 
when these reports were made, was a limited power with very 
cheap capital,, so that under those conditions the greatest 
economy required a development of the highest possible effi¬ 
ciency regardless of the cost of the investment. It is about the' 
same condition which we meet in our largest public utility 
corporations, like Chicago and Detroit, which, as our President 
has pointed out, have reached the highest efficiency in electric 
production, exceeding 20 per cent from the chemical energy of 

busbar. An attempt to use apparatus of this high 
efficiency in an isolated station, supplying a hotel, or in a central 
station feeding a small city, would be hopelessly uneconomical, 
for the reason that, because of the size and the load factor the 
cost of the capital in such a small plant is much higher. We 
have to balance the efficiency which we can secure against the 
interest on the. investment required to secure the efficiency. 
This in my opinion, is the characteristic feature of the Nor¬ 
wegian plant, which makes it impossible to transfer it without 
any change to American conditions, especially to condiSns of 
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off-peak power, where not only the higher costs of capital under 
American conditions—especially under the present conditions 
but furthermore, the still higher cost of capital due to its inter¬ 
mittent use, makes a plant aiming at the highest efficiency, at 
the collection of the last traces of the nitrate, makes such a plant 
uneconomical. This is the feature which, in my opinion, has very 
largely been killing the arc process in this country, because no com¬ 
petent electrical engineer realizing this situation was fathering it, 
but it has rather been done by the attempt to transplant the 
Norwegian method here under circumstances to which it is not 
adopted. It means redesign and redevelopment of this method, 
to a very much lower cost of investment, even at the sacrifice of 
some efficiency. We can better afford to waste 25 per cent of 
the nitrate if thereby we can get the cost of investment down to 
a small fraction of what the Norwegian plant costs, and thereby 
make it economical for off-peak power. 

That is the principal point I want to bring to your attention, 
and furthermore, there is another matter which I can only give 
from hearsay, that is, that the financial control of the Norwegian 
nitrate plants were secured some time ago by German industries, 
and then afterwards were sold, and since that time we have been 
given to understand, intentionally or unintentionally, that the 
new German processes are superior, and that there is nothing in 
the arc process, because they have given up their control of them. 

Whether that is really so, or whether they realize that the 
conditions in Germany are different from ours with regard to the 
economy of the arc process—the almost complete absence. of 
larger water powers, the great abundance of skilled chemists 
and skilled chemical labor bringing about conditions which are 
very much more in favor of chemical processes and against the 
arc processes. I leave it to you to think over which may have 
been th.6 reason. 

But there is one feature which has seriously mitigated against 
the arc process, and that is the following*. Some time ago a 
very careful investigation was made by the famous German 
chemist Nernst, on the temperature equilibrium of oxygen, 
nitrogen and nitric oxide, and he showed that at the temperature 
of the carbon arc the equilibrium corresponds to about 4 per cent 
nitric oxide. That would mean an efficiency of conveision of 
13 per cent, if all this 4 per cent could be saved, but we know 
at these temperatures dissociation's so rapid, that we can 
expect to save only a part of the nitric oxide from destruction, in 
dropping the temperature as rapidly as possible. That means the 
possible efficiency must be much lower than 13 per cent. 

It is true that the temperature equilibrium at the carbon arc 
temperature corresponds to 4 per cent of nitric oxide, and very 
much lower percentages at lower temperature. It has been 
proven however that the nitrification in the arc is not a tempera¬ 
ture effect, but is an electrical effect, and the proof of that you 
can find in the Transactions of the A. I. E. E. in the discussion 
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of a paper by my assistant Mr. J. L. R. Hayden, who made an 
extensive investigation some years back on nitrification, and 
has given the results in his discussion. This, however, seems to 
have been forgotten, since at that time the problem was of lesser 
importance than now. He showed that .in low temperature low- 
voltage arc, nitric oxide can be produced far in excess of the con¬ 
centration corresponding to the temperature equilibrium at 
the temperature of the arc, and therefore the effect cannot be a 
mere temperature effect. He furthermore showed that the rela¬ 
tive efficiency of different temperature arcs does not correspond 
to the temperature. The carbon arc, which is the hottest, is very 
far from being the most efficient nitrifying arc. - The iron arc 
and the copper arc each have about the same temperature, but 
not the same nitrifying efficiency, but rather they are on the 
two extremes of the series investigated. The copper arc is the 
least efficient, and the iron arc is the most efficient, showing 
thereby that the effect of the arc in producing the combination of 

nitrogen and oxygen is not a temperature effect, but a direct 
electrical effect. 

The reason why I have confidence in the arc process is not 
only due to the absence of the need of any other raw material 
but air,^ which makes it specially suitable for use anywhere where 
power is available—as pointed out by Mr. Scott, at the coke 
oven for instance -it is not only the possibility of the use of 
intermittent power, which holds out the hope of developing a 
powerful nitrate industry in peace times, but it is also the vast 
possibility of increasing the efficiency of nitric acid production 
y the arc process, over that reached in the Norwegian plants. 
Under favorable conditions, I understand, the present efficiency 
is trom 60 to 80 grams per kilowatt-hour. The theoretical 
efficiency of nitric oxide production is 2500 grams of N0 3 H per 

kilowatt-hour, so that the present best results are an efficiency 
of 3 per cent. J 

. You . ca » rea k>, therefore the vast possibilities there are in 
increasing the efficiency, and if at an efficiency of only 3 per cent 

wp^n°c eSS + w ^f c ° me commarcial un der favorable conditions, 
we can see that there are possibilities in this method which will 

bear considerable efforts being made in studying the develop¬ 
ment further, and carrying on the development, which I am 
!Wy t0 , sa y has practically been neglected siAce the early 
p , , - a Y s n Charles Bradley, the electrical engineer, who 

inStm Nl + ag T but faile d, due to the cost of 

the returns ^ partlcular m ethod being out of proportion to 

iJLSi t° conc Jude by repeating that my study of the prob¬ 
ed, h,t ^ b ! 6n closel y interested in it, not only theoreti- 
thf naS tieJt TJz™ considerable experimental work during 

that whiwS 7 / % m ° re ~ has led me t0 the conclusion 
wkTr the cyananud process may have immediate use by 

g the quickest available, that the process which I consider 
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as the most promising, in the final solution of the problem, is the 
direct or arc process. 

Wm. A. Del Mar (communicated after adjournment): The 
arc process for the fixation of nitrogen is, in my opinion, the only 
use to which the off-peak capacity of large power stations can 
be put, as it is the only electrotechnical process that can thrive 
under the three characteristic conditions attending the use of 
such power, namely, absorption of large amounts of power, use 
of alternating current at the generated voltage and intermittent 


supply. 

The cost of transforming apparatus bars all direct-current 
electrochemical processes such as electrolytic metal refining, 
alkali productions, etc. and many thermal processes. Other 
thermal processes are debarred because they cannot be operated 
intermittently. Any processes which are exceptional in these 
respects are too unimportant to absorb the power available from 


large stations. 

Hence if off-peak capacity is ever to be utilized on a large 
scale, the only promising field for research is the arc-process for 


nitrogen fixation. # . 

S. Barfoed (communicated after adjournment): As nitric 

acid is the end product desired it is evident that with the increas¬ 
ing demand upon the nation’s man power naturally that system 
which can produce nitric acid with a minimum of labor is the 
most logical one to use, other things considered equal. The raw 
materials needed for the direct method being air and water lend 
themselves to transport in pipes requiring no attention. Also, 
the final product, nitric acid, is^ to be handled in the same 
manner by means of the new acid proof ferro-alloys. Conse¬ 
quently labor is not needed in this particular part of the cycle 

of operations. « , 

In the operation of any arc furnaces used by the direct method 

a row of furnaces may be attended by but two men required for 
recording and renewing electrodes at intervals. _ 

During the last two and one-half years the writer has been 
engaged upon the development and operation of a 1000-kv-a. 
arc furnace using.metallic oxide electrodes. The results obtained 
in this furnace and the simplicity of its operation, also the ease 
with which it may be kept in repair justifies me in saying that e 
direct method for making nitric acid as compared with the 
indirect method has the very advantages which Mr. bcott men- 

The simple way of getting the end' product, nitric acid, with 
the direct method as the first and only operation must surely be 
evident to the layman even if he should be a lawyer-politician. 

In discussing the proper system to use in nitrogen fixation it 
must be kept in mind that all the various processes have their 
proper place of usefulness, all depending upon the raw materia s 
available and the end product it is desired to produce and have 
the market absorb. The choice of the system is practically 
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decided only by the geographical location of the plant. In 
places where coal has been obtainable at reasonable prices and 
where men are rather plentiful but where water power is com¬ 
paratively expensive, the end product may to advantage be 
cyanamid. In the greater part of the West coal is not obtainable 
at prices that would make the indirect method of making acid 
or even the cyanamid process possible under any circumstances. 

.The scheme outlined for combining a battery of coke ovens 
with ammonia recovery plant with an arc furnace plant as out¬ 
lined by Mr. Scott is entirely feasible and is one to which the 
writer has given considerable thought, but the conditions for its 
use .during peace times must be favorable. Even in certain 
sections of the West in spite of the existing water powers such a 
scheme can be worked out successfully for producing ammonium 
nitrate. Where districts are equally well off as to coal and water 
the several methods of producing fixed nitrogen can very well 
exist side by side and not exclude one another, keeping in mind 
the suitability of each process with a view as to raw material 
and the end product. 

I endorse the formula “Do it Electrically” when nitric acid is 
to be produced. 

I do not believe that at the present time there are many power 
■stations where surplus power may be had. Also, I believe 
that the load factor of the majority of stations is so high that 
the time during which off-peak power is available would be too 
short for making the operation of arc furnaces satisfactory. In 
the West there is rather a scarcity of power and new develop¬ 
ments by existing companies are not likely to be made in time 
to be of any use during the war, and that is largely because the 
power it is thought to develop cheaply is to be of great magni¬ 
tude. There are however, throughout the West numerous 
small water power sites of 10,000 h. p. or thereabouts which can 
very cheaply be developed and completed in a short time and 
which would be entirely suitable for a nitric acid factory. State¬ 
ments are often made that such water po'wers cannot be de¬ 
veloped under a certain figure. Such statements of course do 
not mean anything unless they are qualified as to just what 
is meant to be included in a development. As generally 
spoken of I believe what is meant is that the development should 
include stepuip.transformers,high-tension switchgear, transmis¬ 
sionlines, lowering transformers, substation equipment and distri¬ 
buting lines, etc. For such systems the figures as often given 
may be correct, but it would be a mistake to draw any conclu¬ 
sions^ from them when it comes to making a hydroelectric 
development for use with arc furnaces producing nitric acid. 

. ^ 1S °^ eri found that the nitric acid factory can be located 

m close proximity to the power station and it will be at once 
evident the great saving that can be made, by so doing in the 
cost ot t the plant. The development would include the hy¬ 
draulic works and the generating equipment which generates 
power directly^at^the voltage required by the furnaces. 
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Looking at the matter in this light I have made several in¬ 
vestigations where water power of around 10,000 h. p. can be • 
developed for a figure around $60.00 per h. p. and lower. 
Where this can be done the power cost will be a minor item 
compared to the fixed charges on the acid factory. 

F. W. Sperr, Jr. (communicated after adjournment): A very 
important phase of the plan which IV!r. Kilburn Scott has de¬ 
veloped is that it succeeds in reconciling the interests of two 
great industries—the nitrogen fixation industry and the by¬ 
product coke industry. It cannot be denied that, owing largely 
to the emphasis that has been placed upon fixation by the cyana- 
Tiiicl process, there have hitherto been many elements of mutual 

antagonism in these two industries. 

The by-product coke oven must be considered as an essential 
factor in our national security and military success. It is the 
greatest and most dependable source of tri-nitro toluol, the 
most important high explosive, and must be.relied upon for our 
supply of benzol, creosote, naphthalene, anthracene and a host 

of other products of military value.. ' 

Many people still have the old-fashioned idea that beehive 

coke works better in a blast furnace than by-product coke. As 
a matter of fact records from a large number of blast furnaces 
show a saving of over 200 pounds of coke per ton of pig iron ue 
to the substitution of by-product coke for the beehive product 
The significance of this in connection with our fuel shortage and 
the importance of the steel industry is easy to recognize. 

In the establishment of by-product coke ovens, we are still 
sadly behind both economic and military requirements and 
every agency should be interested in encouraging the construc¬ 
tion of new plants as rapidly as possible. , . .. 

It is to be regretted that the fear of loss through destructive 
competition with subsidized ammonia produced by the cyana- 
mid process has operated in certain cases as a discouraging.factor. 
In normal times, ammonia is the principal source 5 of rev s , 
besides coke, to the by-product coke plant. Ain k 

by the cyanamid process cannot compete with by-prod +• 

oven ammonia except with the aid of a subsidy. ^ S 
ties of subsidized ammonia or a cheap competing fertile 
cyanamid, thrown upon the agncultural market might well 

induce hesitation in the building of by-producfi^S the 
On the other hand, Mr. Scott’s proposition to combme tne 

manufacture of nitric acid from the atmosphe fr orn 

tion of a by-product coke plant, utilizing t P it nia to 
the latter to furnish the requisite power, and the am 

combine with the nitric acid forming ami m0 “ 1 ^ L JSable in 
to be as economically sound m time of peace ole 

time of war. From the standpoint of the Under 

owner, it looks entirely feasible and encomragi i 

normal conditions, the nitric acid mig . amm onium 

it might still be used together with the ammow a - 
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nitrate. In this way the expense of purchasing sulphuric acid 
to make ammonium sulphate would be avoided and a concen¬ 
trated fertilizer more valuable than ammonium sulphate would 
be produced. It is to be hoped that arrangements can be made 
to build a plant for a large scale trial of this very promising 
proposition. 

E. K . Scott: Members who have to deal with electric power¬ 
house problems, are naturally interested in improvement of 
load factor. I know of no load which is more suitable for 
filling up valleys of a load curve than the arc method of fixing 
atmospheric nitrogen, for the furnaces can be started and 
stopped at any time without detriment, as there is no fixed 
material to freeze when current is off. 

A good situation for an air nitrate factory would be on the 
same plot of land as the power house and the two might well 
be under the same directorate. 

It has often been said that the manufacture of air nitrates 
is. dependent on a very cheap source of power and the im¬ 
plication is made that it must be water power and on a very 
large scale. I wish to combat this for I consider it feasible to 
successfully operate moderate sized plants with off peak power 
from existing power houses. 

It is a mistake to unduly emphasize the question of power 
for there are other equally important factors, e. g. transporta¬ 
tion of raw materials and finished products. Nitric acid is 
required in very large quantities for explosives, for dyes, for 
celluloid and other industries and being difficult to carry, it 
is best made near to the place where it is to be used. 

The nitric acid made in Norway, cannot be exported owing 
to difficulty of carriage and even when made into nitrate of 
lime and nitrate of ammonia the cost of carriage to a market 
abroad is considerable. Take ammonia for example which for 
many years has been made in Norway with ammonia shipped 
from England. It has been estimated that the charges for 
carriage, insurance, transhipment, etc., of the aqua ammonia 
to Norway and of the finished nitrate of ammonia to England 
came to more per ton of product than the cost of the electric 
energy with which the ton was made. 

Other things being equal it is often better to be near to a steady 
market and pay a fair price for power than to go to a considerable 
distance and get cheaper power. Steam power houses have 
often an advantage over hydroelectric plants because the latter 
are usually in inconvenient places. 

I fully appreciate the development of hydroelectric power, 
but think that the building of a coke oven plant with electric 
power house and nitrate factory is more to the National advant- 
age than if the same money were spent on hydraulic works, etc. 
The coke oven proposition has certainly wider usefulness. 

It may be of some interest to mention that electric energy 
has been supplied for many years to certain ^electrochemical 



1918] 


983 


DISCUSSION AT ATLANTIC CITY 


factories on the North East Coast in England at prices which 
compare favorably with Niagara. A considerable amount of 
power developed in that area is from coke ovens and. blast 
furnace gas and by linking the power houses together it has 
been found possible to bank some boilers in the large coal fed 
power houses in Newcastle over the week end and obtain supply 
from the coke oven and waste heat power houses of Durham 
and North Yorkshire which of course must be kept going at 


all hours. . 

Dr. Steinmetz referred to the investment on. an air nitrate 
plant. A large part of this goes in the absorption towers and 
the building required to house same. Although chemists have 
always been accustomed to absorb gases in such towers I think 
a smaller and less costly method can be developed on engi- 

I purposely did not enter into questions regarding reactions, 
etc., that go on in nitrogen fixation furnaces, but I agree with 
Dr. Steinmetz that the action is not a purely thermal one. The 
fact that nitric acid may be formed on the windings of extra 


high-tension machines is an indication. 

Suggestions of limitations in electrical methods are usually 
traceable to those who are interested in old fashioned chemical 
methods, as for example, that of getting nitric acid from Chili 
nitrate, but an audience of electrical engineers will .appreci¬ 
ate that when electricity once gets a foothold in any indus ry 

it holds on. . . n . 

Some of us remember the days when electric lighting was 

struggling against firmly entrenched gas interests, ihe electric 

street car was a long time before it finally ousted the horse car, 

especially in England, whilst the introduction of electric power 

in mines is still opposed by advocates of compressed air and 

S ° Electric engineering is now developing rapidly m the largest 
fields of all, namely, electrochemistry and electrometallurgy_ 
Very large amounts of energy are being called for 
greater power development and wider opportunities for electri¬ 
cal engineers and manufacturers of electrical equipment Mem¬ 
bers will no doubt hear from time to. time of other method!s of 
making nitrates which do not require elect J; 1C ®“ g J that 
quire less than the arc process They need have no fe ^ th ft 
electrical methods will not outlast all others and I personally 

believe the arc process is best of &H. 

The name of Charles S. Bradley has been menaon^ 
He was a pioneer in this line of work before the Norwegians 
S Germans and I think the fact is worthy of commemoration. 
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AMERICA’S ENERGY SUPPLY 


BY CHARLES P. STEINMETZ 


Abstract of Paper 

The gist of the paper is to demonstrate that. the 

utilization of the country I ®uiic g J r fuel^nergy is available, and 
electric power wherever hydraulic or f i di JJ hute it electrically. 

StSofaSStSw of 

oK£'»•'*»«* «>“'» 

the total utilized fuel en .fg/- that the mo dern synchronous- 

In the second section it is shown that tne moueii i , tion 

station is necessary for large hydraulic p ’ - more num- . 

of the problem of the economic development of the far more num 

?St. tamTh. nleff.t.o?, of 2l the 

lation and control to the mam ^ nc ^ f s + a tion is that its 

nomic advantage of the induction gen , hvdraulic’develop- 
simplicity permits elimination of most of the hydraulic neve p 
ment by using, instead of one large synchronous st^mn, anumb 
of induction generator stations and collecting their power 

^Thethird sectio n considers the characterif* 10 ® iJfmethod'S 

generator and the induction-generator out Q f s tep 

operation, and discusses the condition of dropping out or P 
of the induction generator’ and its avoidanc . w jth 

In the appendix the correspondingproblems vgsteaaitwm 

reference to fuel power, showing tha y , thereby degrad- 

of potential P°*er a «T|* te ^ v b e red b | interposing simple steam 
mg its energy, that could be rec ^ ve J® boiler and the steam 

turbine induction generators betwee pWtricallv. It is 

heating systems, and collecting their p wmi iH be an appre- 

shown that the value of the f < :o y^tt P oSed and^trolled 
ciable part of that of the fuel, and that or S would improve 

by the central stations, this fuel power collection would improve 

the station load factor, § ive 3 e ffduce Saving of many millions 
without its disadvantages, and produce a saving r 

of tons of coal. 
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I. The Available Sources of Energy 
A. Coal 

-T-HE only two sources of energy, which are so plentiful as to 
1 come into consideration in supplying our modem industrial 
civilization, are coal, including oil, natural gas, etc., and w 

power. 
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While it would be difficult to estimate the coal consumption 
directly, it is given fairly closely by the coal production, at 
least during the last decades, where wood as fuel had become 
negligible, and export and import, besides more or less balancing 
each other, were small compared with the production. Coal 
has been mined since 1822, and in Fig. 1 is recorded the coal 
production of the United States, from the governmental reports. 
The annual production is marked by circles, the decennial 
average marked by crosses for every five years. Table I gives 
the decennial averages, in millions of tons per year. 


TABLE I 

AVERAGE COAL PRODUCTION OF THE UNITED STATES 


(decennial average) 


Year 

Million tons 
per year 

Per cent increase 
per year 

1825 

0.11 

• ■* * • 

30 

0.32 

22.4 

35 

0.83 

19.7 

40 

1.92 

17.0 

45 

4.00 

14.5 

50 

7.46 

10.45 

55 . 

10.8 

8.35 

60 

16.6 

8.72 

65 

25.9 

9.22 

70 

40.2 

8.58 

75 

56.8 

7.42 

80 

82.2 

7.95 

85 

122 

6.80 

90 

160 

5.40 

95 

206 

5.75 

1900 

281 

6.96 

05 

404 

6.60 

10 

532 

• * • % 


In Fig. 1 the logarithms of the coal production in tons are used 
as ordinates. With this scale, a straight line means a constant 
proportional increase, that is, the same percentage increase per 
year, and in the third column of Table I are given .the average 
percentage increase of coal production per year. 

This Fig. 1 is extremely interesting by showing the great ir¬ 
regularity of production from year to year, and at the same time 
a very great regularity over a long period of time. Since 1870 
the average production may be represented by a straight line, 
the values lying irregularly above and below the line, which 
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represents an annual increase of 6.35 per cent and thus repre¬ 
sents the average coal production 1 C by the equation 

C = 45.3 X 10 °* 0267 (y-i870) million tons 
or 

log C = 0.0267 (y—1870) + 7.656 

where y = year. 

Before this time, from 1846 to 1884, the coal production could 
be represented by 

C= 7.26 X 10 - 0365 <>’- 1850 > million tons 
or 

log C= 0.0365 (y— 1850) + 6.861 
representing an average annual increase of 8.78 per cent. 



1820 1840 1860 1880. 1900 1920 

Fig. 1—Coal Production of the United States 


It is startling to note how inappreciable, on the rising curve 
of coal production, is the effect of the most catastrophic political 
and industrial convulsions, such as the Civil War and the In¬ 
dustrial panic of the early 90’s; they are indistinguishable from 
the constantly recurring annual fluctuations. It means, that 
the curve is the result of economic laws, which are laws of nature. 

Extrapolating from the curve of Fig. 1, which is permissible, 
due to its regularity, gives 867 million tons as this year’s coal 
consumption. As it is difficult to get a conception of such 
enormous amounts, I may be allowed to illustrate it. One of 
the great wonders of the world is the Chinese Wall, running 

1. Soft coal and anthracite, and including oil reduced to coal by its 

*• ^ 

fuel value. 
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across the country for hundreds of miles, by means of which 
China unsuccessfully tried to protect its northern frontier against 
invasion. Using the coal produced in one year as building 
material, we could with it build a wall like the Chinese Wall, all 
around the United States, following the Canadian and Mexican 
frontier, the Atlantic, Gulf and Pacific Coast, and with the 
chemical energy contained in the next year’s coal production, we 
could lift this entire wall up into space, 200 miles high. Or, 
with the coal produced in one year used as building material, we 
could build 400 pyramids, larger than the largest pyramid of 
Egypt. 

It is interesting to note that 100 thousand tons of coal were 
produced in the United States in 1825; one million tons in 1836; 
10 million tons in 1852 and 100 million tons in 1882. The pro¬ 
duction will reach about 1000 million tons in 1920, and, if it con¬ 
tinues to increase at the same rate, it would reach 10,000 million 
tons in 1958. 

Estimating the chemical energy of the average coal as a little 
above 7000 cal., the chemical energy of one ton of coal equals ap¬ 
proximately the electrical energy of one kilowatt year (24 hour ser¬ 
vice) . That is, one ton of coal is approximately equal in potential 
energy to one kilowatt-year. 

Thus the annual consumption of 867 millions of tons of coal 
represents, in energy, 867 million kilowatt-years. 

However, as the average efficiency of conversion of the 
chemical energy of fuel into electrical energy is probably about 
10 per cent, the coal production, converted into electrical 
energy, would give about 87 million kilowatts. 

Assuming however, that only one half of the coal is used for 
power, at 10 per cent efficiency, the other half as fuel, for metal¬ 
lurgical work etc., at efficiencies varying from 10 per cent to 
80 per cent, with an average efficiency of 40 per cent, then we get 
217 million kilowatts (24 hour service) as the total utilized 
energy of our present annual coal production of 867 million tons. 

B. The Potential Water Powers op the United States 

Without considering the present limitation in the develop¬ 
ment of water powers, which permits the use of only the largest 
and most concentrated powers, we may try to get a conception 
of the total amount of hydraulic energy which exists in our 
country, irrespective of whether means have yet been developed 
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or ever will be developed for its complete utilization. We there¬ 
fore proceed to estimate the energy of the total rain fall. 

Superimposing the map of rain fall in the United States, upon 
the map of elevation, we divide the entire territory into sections 
by rain fall and elevation. This is done in Table II, for the part 
of our continent between 30 and 50 degrees northern latitude. 


TABLE II 


TOTAL POTENTIAL WATER POWER OF UNITED STATES 


In. 

Ft. 

Area 

Avg. 

Avg. 

Kg-m. 

Kg-m. 

1 rain 

elevation 

»|210>« X 

elevation 

rainfall 

per m 2 ; 

total 

fall 



m. 

cm. 

10 3 X 

10 15 X 

>10 

>5000 

0.54 

2100 

12.5 

263 

142 


1000-5000 

0.29 

900 


112 

32.5 

10-20 

>5000 

1.18 

2100 

37.5 

787 

930 


1000-5000 

1.96 

900 


338 

660 

20.30 

1000-5000 

0.32 

900 

62.5 

563 

183 


100-1000 

0.97 

150 


94 

91 

30-40 

1000-5000 

0.35 

900 

87.5 

786 

275 


100-1000 

1.40 

150 


131 . 

184 

40.60 

1000-5000 

0.27 

900 

125 

1130 

305 


100-1000 

1.03 

150 


188 

194 







2 =2996 







3000 


As obviously only the general magnitude of the energy value 
is of interest, I have made only few sub-divisions: five of rain 
fall and four of elevation, as recorded in columns 1 and 2 of 
Table IP. The third column gives the area of each section, in 
millions of square kilometers, the fourth column the estimated 
average elevation, in meters, and the fifth column the average 
rain fall, in centimeters. The sixth column gives the energy, in 
kilogram-meters per square meter of area, and the last column 
the total energy of the section, in kilogram-meters, which would 
be represented by the rain fall, if the total hydraulic energy of 
every drop of rain were counted, from the elevation where it fell, 
down to sea level. 

As seen from Table II, the total rain fall of the North Ameri¬ 
can Continent between 30 deg. and 50 deg. latitude repre¬ 
sents 3000 X 10 15 kg-m. This equals 950 million kilo¬ 
watt years (24 hour service). That is, the total potential water 
power of the United States, or the hydraulic energy of the total 

1. The lowest elevation, < 100 ft., is not included, as having little 
potential energy. 
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^rain fall, from the elevation where it fell, down to sea level, gives 
about 1000 million kilowatts. 

However, this is not available, as it would leave no water for 
agriculture; and even if the entire country were one hydraulic 
development, there would be losses by seepage and evaporation. 

An approximate estimate of the maximum potential power of 
the rain fall, after a minimum allowance for agriculture and for 
losses is made in Table III, allowing 12.5 cm. rain fall for wastage, 
and 37.5 and 25 cm. respectively for agriculture where such is 
feasible. 


TABLE III 


AVAILABLE POTENTIAL WATER POWER OF THE UNITED STATES 


Avg. 

rainfall 

cm. 

Avg. 

elevation 

m. 

Area w 2 
lOi 2 X 

Wastage 

cm. 

Agricul¬ 

ture, 

cm. 

Available 

rainfall 

cm. 

Kg. m. 
per m 2 

10 3 x 

Kg-m. 

total 

10 16 X 

12.5 

2100 

0.54 

12.5 





. . * . 

900 

0.29 

12.5 

.... 




37.5 

2100 

0.39 

12.5 

25 



• • • « 

* • * m 

2100 

0.79 

12.5 

• ♦ * * 

25 

525 

415 

« * « * 

- 900 

0.98 

12.5 

25 

• 4 * * 



» « * * 

900 

0.98 

12.5 

• * * • 

25 

225 

220 

62.5 

900 

0.21 

12.5 

37.5 

12.5 

112 

23 

* • « # 

900 

0.11 

12.5 

, , , , 

50 

450 

50 

« m # • 

150 

0.97 

12.5 

37.5 

12.5 

19 

18 

87.5 

900 

0.35 

12.5 

37*. 5 

37.5 

337 

118 

• • « * 

150 

1.40 

12.5 

37.5 

37.5 

56 

78 

125 

900 

0.27 

12.5 

27.5 

75 

674 

182 

• • • » 

150 

1.03 

12.5 

37.5 

75 

112 

116 








X =1220 


This gives about 1200 X 10 15 kg-m. as the total available 
potential energy, which is equal to 380 million kilowatts (24 
hour service). Assuming now an efficiency of 60 per cent from 
the stream to the distribution center, gives 230 million kilo¬ 
watts (24 hour service) as the maximum possible hydroelectric 
power, which could be produced, if every river, stream, brook or 
little creek throughout its entire length, from the Spring to the 
ocean, and during all seasons, including all the waters of the 
freshets, were used and could be used. It would mean that 
there would be no more running water in the country, but 
stagnant pools connected by pipe lines to turbines exhausting 
into the next lower pool. Obviously, we could never hope to 
develop more than a part of this power. 
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C. Discussion 

It is interesting to note that the maximum possible hydraulic 
energy of 230 million kilowatts, is little more than the total 
energy which we now produce from coal, and is about equal to 
the present total energy consumption of the country, including 
all forms of energy. 

This was rather startling to me. It means that the hope that 
when coal once begins to fail we may use the water powers of 
the country as the source of energy, is and* must remain a dream, 
because if all the potential water powers of the country were 
now developed, and every rain drop used, it would not sup¬ 
ply our present energy demand. 

Thus hydraulic energy may and should supplement that of 
coal, but can never entirely replace it as a source of energy. This 
probably is the strongest argument for efforts to increase the 
efficiency of our methods of using coal. 

A source of energy which is practically unlimited, if it could 
only be used, is solar radiation. The solar radiation 
at the earth’s surface is estimated at 1.4 cal. per cm. 2 per 
min. Assuming 50 per cent cloudiness, this would give an 
average throughout the year (24 hours per day), of about 0.14 
cal. per cm. 2 horizontal surface per min., and on the total area 
considered in the preceding table, of 8.3 million square kilometers 
of North America between 30 and 50 latitude, a total of approxi¬ 
mately 800,000 million kilowatts (24 hour service) , or a thousand 
times as much as the total chemical energy of our coal con¬ 
sumption; 800 times as much as the potential energy of the 
total rainfall. 

Considering that the potential energy of the rainfall from 
surface level to sea level, is a small part of the potential energy 
spent by solar radiation in raising the rain to the clouds, and that 
the latter is a small part of the total solar radiation, this is 
reasonable. 

Considering only the 2.7 million square kilometers of Table 
III, which are assumed as unsuited for agriculture, and assuming 
that in some future time, and by inventions not yet made, half 
of the solar radiation could be collected, this would give an energy 
production of 130,000 million kilowatts. 

Thus, even if only one-tenth of this could be realized, or 
13,000 million kilowatts, it would be many times larger than all 
the potential energy of coal and water. Here then would be 
the great source of energy for the future. 
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IX. Hydroelectric Station 

A. The Modern Synchronous Generator Station- 

In developing the country’s water powers, up to the present 
time only those of greatest energy concentration have been con¬ 
sidered; that is, those where a large volume and a considerable 
head of water was available within a short distance. 

This led to the present type of hydroelectric generating 
station, as best solving the problem. The equipment of such a 
station comprises the following apparatus: 

Three-phase synchronous direct-connected generators. 

Hydraulic turbines of the highest possible efficiency. 

Hydraulic turbine speed governing mechanism. 

An exciter plant comprising either exciters directly connected 
to the generators, or several separate exciter machines, con¬ 
nected to separate turbines. 

Exciter bus bars. 

Voltmeter, and ammeters in exciters and in alternator field 
circuits. 

Field rheostats of the alternators. 

Low-tension busbars, either in duplicate, or with transfer or 
synchronizing bus. 

Circuit breakers between generators and busbars, usually 
non-automatic. 

Circuit breakers between transformers and busbars, usually 
automatic, with time limit. 

Voltmeters and potential transformers at the generators. 

Synchronoscopes or other synchronizing devices. 

Ammeters and current transformers at the generators. 

Voltmeter and potential transformer at the busbars. 

Ammeters and current transformers at the step-up trans¬ 
formers. 

Totaling ammeter for the station output. 

Integrating wattmeter. 

Relays, interlocking devices etc., etc.. 

Step-up transformers. 

High-tension busbars, possibly in duplicate. 

High-tension circuit breakers between transformers and high- 
tension busbars. 

High-tension circuit breakers between high-tension busbars 
and lines. 

Lightning arresters in the transmission lines, with inductances 
etc. 
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Ground detectors, arcing-ground or short-circuit suppressors, 
voltage indicators etc. 

Automatic recording devices (multi-recorder), rarely used 
though very desirable. 

Due to the vast amount of energy controlled by modern 
stations, the auxiliary and controlling devices in these stations 
have become so numerous as to make the station a very complex 
structure, requiring high operating skill and involving high 
cost of installation. At the same time, not only are all these 
devices necessary for the safe operation of the station, but we 
must expect that with the further increase of capacity of our 
electric systems, additional devices will become necessary for 
safe and reliable operation. One such device I have already 
mentioned*—automatic recording apparatus, such as the multi¬ 
recorder. 

With this type of station, it is obviously impossible, in most 
cases, to develop water powers of small and moderate size. A 
generating station of a thousand horse power will rarely, and 
one of a hundred horse power will hardly ever be economical. 

On the other hand, a hundred horse power motor installation 
is a good economical proposition, and the average size of all the 
motor installations is probably materially below one hundred 
horse power. 

Looking over Tables II and III, especially the latter, in the 
preceding section, it is startling to see how large a part of the 
potential water power of the country is represented by com¬ 
paratively small areas of high elevation, in spite of the relatively 
low rainfall of these areas. As most of these areas are at con¬ 
siderable distance from the ocean, most of the streams are small 
in volume. That is, it is the many thousands of small mountain 
streams and creeks, of relatively small volume of flow, but high 
gradients, affording fair heads, which apparently make up the 
bulk of the country’s potential water power. - 

Only a small part of the country’s hydraulic energy is found 
so concentrated locally as to make its development economically 
feasible with the present type of generating station. 

Therefore, some different, and very much simpler type of generat¬ 
ing station must he evolved, before we can attempt to develop econom¬ 
ically these many thousands of small hydraulic powers, to collect 
the power of the mountain streams and creeks . 
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B. Simplification of Hydroelectric Station 
In the following in discussing the simplification of the hydro¬ 
electric station to adapt it to the utilization of smaller powers, 
we limit ourselves to the case where the smaller hydraulic stations 
feed into a system containing some large hydraulic or steam 
turbine stations, to which the control of the system may be 
* relegated. 

1. We may eliminate the low-tension bus bars, with generator 
circuit breakers and transformer low-tension circuit breakers and 
connect each generator directly to its corresponding transformer 
making one unit of generator and transformer, and do the 
switching on high-tension busbars, and locating high-tension 
busbars and circuit breakers outdoors. While it is dangerous to 
transformers to switch on the high-tension side, due to the 
possibility of cumulative oscillations, this danger is reduced by 
the permanent connection of the transformer with the generator 
circuit, and is less with the smaller units used in small power 
stations, and thus permissible in this case. 

However,the simplification resulting therefrom is not so great, 
as ammeters, voltmeters and synchronizing devices with their 
transformers are still retained on the low-tension circuits. 

2. As it is not economical to operate at partial load, proper 
operation of a hydraulic station on a general system is, to operate 
as many units fully loaded as there is water available, and in¬ 
crease or reduce the number of units (of turbine, generator and 
transformer, permanently joined together), with the changing 

amount of available water, thus using all the available energy of 
the water power. 

In this case, the turbine governors, with their more or less 
complex hydraulic machinery, may be omitted. If then the 
generators are suddenly shut down by a short circuit which 
opens the circuit breakers, the turbines will race and run up to 
their free running speed, until the gates are shut by hand. How¬ 
ever, generators, and turbines must stand this, as even with the 
use of governors, the turbines may momentarily run up to their 
free speed in case of a sudden opening of the load, before the 
governors can cut off the water. Where this is not desirable 
some simple excess speed cut-off may be used. 

3.. When dropping the governing of the turbines, and running 
continuously at full load, the question may be raised whether 
generator ammeters are necessary, as the load is constant, and is 
all the power the water can give, and it might appear, that am- 
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meters with their current transformers, etc. could be omitted. 
However, with synchronous generators, the current depends not 
only on the load, but also on the power factor of the load and 
with excessively low power factor due to wrong excitation, the 
generators may be overheated by excess current, while the 
power load is well within their capacity. Thus ammeters are 
necessary with synchronous generators. As soon, however, as 
we drop the use of synchronous generators, and adopt in¬ 
duction generators, the ammeters with their current trans¬ 
formers may be omitted, since the current and its power 
factor is definitely fixed by the load. At the same time, syn¬ 
chronizing devices become unnecessary, together with potential 
transformers, generator voltmeters, etc. A station voltmeter 
may be retained for general information, but it not necessary 
either, as the voltage and frequency of the induction-generator 
station are fixed by the controlling synchronous main station of 
the system. 

4. With the adoption of the induction generator, the entire 
exciter plant is eliminated, as the induction generator is excited 
by lagging currents received from synchronous machines, trans¬ 
mission lines and cables existing in the system. This avoids the 
use of exciter machines, exciter busses, ammeters, voltmeters, 
alternator field rheostats, etc., in short, most of the auxiliaries 
of the present synchronous station become unnecessary. 

The solution of the problem of the economic development of 
smaller water powers is the adoption of the induction generator. 

Stripped of all unnecessary equipment, the smaller hydro¬ 
electric station thus would comprise: 

Hydraulic turbines of simplest form, continuously operating 
at full load, without governors. 

Low-voltage induction generators direct connected to the 
turbines. 

Step-up transformers direct connected to the induction 
generators. 

High-tension circuit breakers connecting the step-up trans¬ 
formers to the transmission line. In smaller stations, even 
these may be dispensed with and replaced by disconnecting 
switches and fuses. 

Lightning arresters on the transmission line where the cli¬ 
matic or topographical location makes such necessary. 

A station voltmeter, a totalling ammeter or integrating watt¬ 
meter and a frequency indicator may be added for the informa- 
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tion of the station attendant, but are not necessary, as voltage, 
current, output and frequency are not controlled from the in¬ 
duction generator station, but from the main station, or deter¬ 
mined by the available water supply. 

It is interesting to compare this induction generator station 
lay-out with that of the modern synchronous station given above. 
However, it must not be forgotten that the simplicity of the in¬ 
duction generator station results from the relegation of all the 
functions of excitation , regulation and control , to the main syn¬ 
chronous stations of the system, and the induction generator 
stations thus are feasible only as adjuncts to at least one large 
synchronous station, hydraulic or steam turbine, in the system, 
but can never replace the present synchronous generator stations 
in their present field of application. 

C. Automatic Generating Stations 

With the enormous simplification resulting from the use of 
the induction generator, it appears entirely feasible to make 
smaller hydroelectric generating stations entirely automatic, 
operating without attendance beyond occasional—weekly or 
daily—inspection. 

Such an automatic generating station would comprise a tur¬ 
bine with low-voltage induction generator, housed under a shed, 
and a step-up transformer, outdoors, connecting into the trans¬ 
mission line with time fuses and disconnecting switches. 

It is true that in the big synchronous generating stations of 
thousands of kilowatts, the cost of the auxiliaries, as exciter 
plant, regulating and controlling devices, etc., is only a small 
part of the total station cost, and little would therefore be saved 
by the use of induction generators. No induction generators 
would, however, be used for such stations. But the cost of auxil¬ 
iaries and controlling devices, and the cost of the required 
skilled attendance, decreases far less with decreasing station size 
than that of the generators—whether synchronous or induction 
—or in other words, with decreasing size of the station, per 
kilowatt output , the cost of auxiliaries and controlling devices 
and of attendance increases at a far greater rate than that of 
the generators, and very soon makes the synchronous station 
of the present type uneconomical. 

It is also true that in the big modern hydraulic power systems, 
the cost of the generating station usually is a small part of the 
cost of the hydraulic development. Therefore any saving in 
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is preferable where large power is required unless the syn¬ 
chronous motor is excluded by conditions of starting torque, etc. 

At first, and for some time to come, we would not consider 
going to anywhere near as small sizes of induction generators, as 
we do in induction motors. However, there are undoubtedly 
many millions of kilowatts available in water powers throughout 
the country, which can be collected by induction-generator 
stations from 50 h.p. upwards, and that at fair heads, requiring 
no abnormal machine design (no very low speed) . 

Consider an instance—a New England mill river with a de¬ 
scent, in its upper course, of about 1100 ft. (335 m.) within five 
miles (eight km.), of varying gradient. At three places, where 
the gradient is steepest, by a few hundred feet of cast iron pipe 
and a small dam of 20 to 30 ft. (6 to 9 m.) length and a few feet 
height—just enough to cover the pipe intake an average head 
of 150 ft. (45 m.) can be secured, giving an average of 75 h.p. 
each, or a total of 225 h.p. or 170 kw. This would use 
somewhat less than half the total potential power. The de¬ 
velopment of the other half, requiring greater length of pipe * 
line, or involving lower heads, would be left to meet future de¬ 
mands for additional power. 

The installation of an electric system of 170 kw. would 
hardly be worth while, but there are numerous other creeks 
throughout the territory from which to collect power, and within 
a few miles passes a high potential transmission line, coming from 
a big synchronous station, into which the power collecting lines 
coming from the induction generator stations would be tied and 

from which they would be controlled. 

Thus, the large modern synchronous station has its field, and 
is about as perfect as we know how to build for large concen¬ 
trated powers; but beyond this, there is a vast field, and there¬ 
fore an economic necessity of the development of a different type of 
hydraulic generating station to collect the scattered water powers of 
the country; and that is the induction generator station , to which 
I wish to draw the attention. 

I must caution, however, not to mistake small power and low 
head power. There are on the lower courses of our streams 
some hydraulic powers, which are relatively small due to their 
low heads, and which can not be economically developed by the 
synchronous generator, due to the low head and correspondingly 
low speed. The designing characteristics of the induction 
generator, with regard to low-speed machines, are no better if 
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anything rather worse—than those of the synchronous generator, 
and the problem of the economical utilization, of the low-head 
water power still requires solution. It is not solved by the in¬ 
duction generator; the latter’s characteristic is simplicity of the 
station, giving the possibility of numerous* small automatic 
generating stations. 

III. Induction Generator Station 
A. Characteristics of Induction Generator 

An induction motor at no load runs at, or rather very close to 
synchronism. If it is driven above synchronism by mechanical 
power, current and power again increase, but the electric power 
is outflowing, and the induction machine consumes mechanical 
power, and generates electrical power, as an induction generator. 

The maximum electrical power, which an induction machine 
can generate as an induction generator is materially larger than 
the maximum mechanical power, which the same machine, at 
the same terminal voltage, can produce as an induction motor. 

Resolving the current of the induction machine into an energy 
component and a wattless or reactive component, the energy 
• current is inflowing, representing consumption of electric power 
(which is converted to mechanical power) below synchronism. 
It becomes zero near synchronism, and above synchronism the 
energy current is in the reverse direction, or outflowing, supply¬ 
ing electric power to the system (which is produced from the 
mechanical power input into the machine), and the induction 
machine then is a generator. 

The wattless or reactive component is a minimum at synchron¬ 
ism, and increases with the slip from synchronism, and is in the 
same direction, whether the slip is below synchronism, as a 
motor, or above synchronism, as a generator. That is, the in¬ 
duction machine always consumes a lagging current (represent¬ 
ing the exciting current and the reactance voltages), or, what 
amounts to the same, produces a leading current. The latter 
way of putting it is frequently used with induction generators, 
by saying that the current produced by the induction generator 
is leading, while the current consumed by the induction motor 
is lagging. Instead of saying however, that the reactive com¬ 
ponent of the current generated by the induction generator is 
leading, we may say, and this makes it often more intelligible, 
that the induction generator generates an energy current and con¬ 
sumes a lagging reactive current, while the induction motor con¬ 
sumes an energy current and consumes a reactive lagging current. 
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As with the increasing voltages and increasing extent of our 
transmission systems the leading currents taken by transmission 
lines and underground cables are becoming increasingly larger, 
the induction generator appears specially advantageous, as 
tending to offset the effect of line capacity. We may thus 
say that the induction generator (and induction motor) 
consumes a lagging reactive current, which is supplied by the 
synchronous generators, synchronous motors, converters and 
other synchronous apparatus in the system, and by the capacity 
of lines and cables. Or we may say that the lagging current con¬ 
sumed by the induction generator neutralizes the leading current 
consumed by the capacity of lines and cables. Or we 
may say that the leading current produced by the induction 



Fig. 2—Small Hydroelectric Induction Generator Plant Con¬ 
stant Terminal Voltage 

generator supplies the capacity of lines and cables: these are 
merely three different ways of expressing the same facts. 

. In Fig. 2 are shown the torque curves, at constant terminal 
voltage, of a typical moderate size induction machine. M is the 
torque produced as an induction motor below synchronism, and 
G the torque consumed as an induction generator above syn¬ 
chronism, synchronism being chosen as 100 per cent. T is an 
assumed torque curve of a hydraulic turbine. 

As seen* the point P where G and T intersect, is 4 per cent 
above synchronism, and this induction generator thus operates 
on full load at 4 per cent slip above synchronism or no-load. As¬ 
suming now, that the power goes off, by the circuit breakers 
opening. The turbine then speeds up to 80 per cent above 

- ■ ' : T ' ' * . ‘ * 
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synchronism, where the curve T becomes zero. If at this free 
running turbine speed the circuit is closed and voltage put on 
the induction generator, the high torque consumed by the in¬ 
duction generator causes the turbine to slow down, and as at 
all speeds above 104, the torque consumed by the induction 
generator is very much higher than that given by the turbine, 
the machine slows down rapidly, to the speed where the induction 
generator torque has fallen to equality with the turbine torque, 
at speed 104, and stable condition is restored. 

Inversely, if the flow of water should cease, the induction 
machine slows down to a little below synchronism, and there 
continues to revolve as induction motor. 

In starting, the circuit may be closed before admitting the 
water, and the turbine started by the induction machine as a 
motor, on the torque curve M, running up to speed 100, and then, 
by admitting the water, the machine is speeded up 4 per cent 
more and thereby made to take the load as generator. Or the 
turbine may be started by opening the gates, running up to speed 
180, and then, by closing the circuit, the induction machine in 
taking the power slows the speed down to normal. 

With larger machines, the most satisfactory way of starting 
as involving the least disturbance, probably would be, first to 
open the gates partly while the turbine speeds up, and when it 
has reached a speed in the neighborhood of synchronism, say 
between 95 and 105, the circuit is closed and the water gates 
opened fully. 

B. Instability Conditions of Induction Generator 

In Fig. 2, the torque consumed by the induction machine, at 
all turbine speeds above full load P, is much higher than the 
torque of the turbine. However, the induction generator torque 
curve has a concave range, marked by C, and if the induction 
generator should be such as to bring the generator torque curve 
at C below the turbine torque curve T, the speed, when once in¬ 
creased beyond the range C, would not spontaneously drop back 
to normal. While in Fig. 2, C is much higher than T, Fig. C 
represents the theoretical, but not real case of constant terminal 
voltage at the induction machine. The voltage however is kept 
constant at the controlling synchronous main station, and thus 
must vary with the load in the induction generator station. 
Assuming an extreme case, of 10 per cent resistance and 20 per 
cent reactance in the line from the induction machine station to 


1002 


STEIN METZ: AMERICA'S ENERGY SUPPLY [June 27 


the next synchronism station, we get the modified torque curve 
shown in Fig. 3. As seen, at full load P, there is practically no 
change; about 4 per cent slip above synchronism. The maxi¬ 
mum torque of generator G and motor M, and the torque at the 
concave part of the induction generator curve, C, have greatly 



Fig. 3—Small Hydroelectric Induction Generator Plant—Con¬ 
stant Voltage in Synchronous Station 


decreased. However, C is still above T , that is, even under this 
extreme assumption, the induction generator would pull the 
turbine down from its racing speed of 180, to the normal full 
load speed of 104, though the margin has become narrow. 

Assuming however an induction machine with much less slip, 



Fig. 4—Large Hydroelectric Induction Generator Plant—Con¬ 
stant Terminal Voltage 

with only half the rotor resistance of Figs. 2 and 3. At con¬ 
stant terminal voltage, this gives the curves shown in Fig. 4. 
The full load P is at speed 102, or 2 per cent above synchronism, 
and while the curve branch C is much lower, the conditions are 
still perfectly stable. Assuming however, with this type of low 
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resistance rotor, a high line impedance, 10 per cent resistance 
and 20 per cent reactance, as in Fig. 3. We then get the con¬ 
dition shown in Fig. 5. The range C drops below T, and the 
induction generator torque curve G intersects the turbine torque 
curve T at three points: P, Pi and Pi. Of these three theoretical 
running speeds, P = 102, Pi = 169 and Pi = 113.5, two are stable, 
P and Pi) while the third one, Pi, is unstable, and from Pi, the 
speed must either decrease, reaching stability at the normal full 
load point P, or the machine speed up to Pi. 

If with the conditions represented by Fig. 5, the turbine 
should—by an opening of the circuit for instance have speeded 
up to its free running speed 180, closing the circuit does not bring 
the speed back to normal, P, but the machines slow down only 
to speed Pi, where stability is reached, at very little output and 
very large lagging currents in the induction generator. To 



Fig. 5—Large Hydroelectric Induction Generator Plant Con¬ 
stant Voltage in Synchronous Main Station 

restore normal condition then would require shutting off 
the water, at least sufficiently to drop the turbine torque 
curve T below C, and then letting the machines slow down 
to synchronism. They would not go below synchronism,^ even 
with the water gates entirely closed, as the induction machine as 

a motor, on curve M, holds the speed. 

A solution in the case Fig. 5 would be the use of a simple ex¬ 
cess speed governor, which cuts off the water at 5 to 10 per cent 

above synchronism. 

However, the possibility of difficulty due to the “dropping out 
of the induction generator” as we may call it in analogy to the 
dropping out of the induction motor, are rather less real than it 
appears theoretically. In smaller stations, such as would be 
operated without attendance, as automatic stations, the torque 
curve of the induction generator, as a small machine, would be 
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of the character of Figs. 2 and 3, and thus not liable to this ( 
difficulty. The low resistance type of induction machines, as 
represented in Figs. 4 and 5, may be expected only with the 
larger machines, used in larger stations. In those, some attend¬ 
ant would be present to close the water gates in case of the cir¬ 
cuit breakers opening, or a simple cheap excess speed cut-off 
would be installed at the turbines, keeping them within 10 per 
cent of synchronism, and within this range, no dropping out of 
the induction generator can occur. 

It is desirable however to realize this speed range of possible 
instability of the induction generator, so as to. avoid it in the 
design of induction generators and stations. 

APPENDIX 

Collection of Fuel Power by Steam Turbine Induction Generator 

A. The Automatic Steam Turbine Induction Generator 

Station 

The same reason which in the preceding led to the conclusion 
that in the (automatic) induction generator station is to be found 
the solution of the problem of collecting the numerous small 
amounts of hydraulic energy, which are scattered throughout 
our country along creeks and mountain streams, also applies, 
and to the same extent, to the problem of collecting the in¬ 
numerable small quantities of mechanical or electrical energy, 
which are, or can be made available wherever fuel is consumed 
for heating purposes. Of the hundred millions tons of coal, 
which are annually consumed for heating purposes, most is used 
as steam heat. Suppose then, we generate the steam at high 
pressure—as is done now in many cases for reasons of heat¬ 
ing economy—and interpose between steam boiler and heating 
system some simple form of high pressure steam turbine, 
directly connected to an induction generator, and tie the latter 
into the general electrical power distribution system. When¬ 
ever the heating system is in operation, electric power is gen¬ 
erated, as we may say as “by-product” of the heating plant, and 
fed into the electric system. 

The power would not be generated continuously, but mainly 
in winter, and largely during the day and especially the evening. 
That is, the maximum power generation by such fuel power 
collecting plant essentially coincides with the lighting peak of the 
central station, thus occurs at the time of the day, and the 
season when power is most valuable. The effect of such fuel 
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power collection on the central station should result in a material 
improvement of the station load factor, by cuttnig off the light¬ 
ing peaks. 

The only difference between such steam turbine induction 
generator stations, collecting the available fuel power scattered 
throughout the cities and towns, and the hydraulic induction 
generator stations collecting the powers of the streams through¬ 
out the country, is that in the steam turbine plant an excess 
speed cut-off must be provided, as the free running steam turbine 
speed is usually not limited to less than double speed, as is the 
case with the hydraulic turbine. Otherwise however, no speed 
governing is required. A further difference is, that the greater 
simplicity and therefore lower investment of the steam turbine 
plant would permit going down to smaller powers, a few kilowatts 
perhaps. 

It is interesting to note, that even with a very inefficient 
steam turbine, the electric generation of such fuel power collect¬ 
ing plant interposed between boiler and heating system, takes 
place with practically 100 per cent efficiency, because whatever 
energy is wasted by the inefficiency of the steam turbine plant, 
remains as heat in the steam, and the only loss is the radiation 
from turbine and generator, and even this in most cases is useful in 
heating the place where the plant is located. The only advan¬ 
tage of a highly efficient turbine, is that larger amounts of electric 
power can be recovered from the fuel, and the question thus is 
that between the investment in the plant, and the value of the 
recovered power. 

If then the total efficiency, from the chemical energy of the 
fuel to the electric power, were only 3 per cent, it would mean that 
3 per cent more coal would have to be burned, to feed the same 
heat units into the heating system. At an average energy value 
of 30,000 kj. per kg. of coal, this would give per ton of coal, 
900,000 kj. or 250 kw-hr. At a-bulk value of 3^ cent per kw-hr. 
it would represent a power recovery value of SI-25 per ton of 
coal. This is quite considerable, more than sufficient to pay the 
interest on the investment in the very simple plant required. 

At first, the steam turbine induction generator plant, proposed 
for the collection of fuel power, would appear similar to the 
isolated plant which, though often proved uneconomical, still 
has successfully maintained its hold in our northern latitudes, 
where heating is necessary through a considerable part of the 
year. However, the difference between the steam turbine in- 
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duction generator plant and the isolated steam electric plants in 
our cities, is the same as that between the automatic hydro¬ 
electric induction generator station, and the present standard 
synchronous generator station: by getting rid of all the com¬ 
plexity and complication of the latter, the induction generator 
station becomes economically feasible in small sizes; but it does so 
only by ceasing to be an independent station, by turning over 
the functions of regulation and control to the central main sta¬ 
tion and so becoming an adjunct to the latter. But by this 
very feature, the turbo induction generator plant might afford 
to the central station, the public utility corporation, a very 
effective means of combatting the installation of isolated plants, 
by relieving the prospective owner of the isolated plant of all 
trouble, care and expense and incidental unreliability thereof, 
supplying central station power for lighting, but at the same 
time utilizing the potential power of the fuel burned for heat¬ 
ing purposes. The simplest arrangement probably would be, 
that the fuel power collecting plants scattered throughout the 
city would, as automatic stations, be taken care of by the public 
utility corporation, their power paid at its proper rates, those of 
uncontrolled bulk power, while the power used for lighting is 
bought from the central station at the proper lighting rates. 

As this however means a new adjustment of the relation be¬ 
tween customer and central station, and is not merely an en¬ 
gineering matter like the hydroelectric power collection, X have 
placed it in an appendix. 

B. Discussion 

We realize that our present method of using our coal re¬ 
sources is terribly inefficient. We know that in the conversion 
of the chemical energy of coal into mechanical or electrical 
energy, we have to pass through heat energy and thereby sub¬ 
mit to the excessively low efficiency of transformation from the 
low grade heat energy to the high grade electrical energy. We 
get at best 10 to 20 per cent of the chemical energy of the coal 
as electrical energy; the remaining 80 to 90 per cent we throw 
away as heat in the condensing water, or worse still, have to pay 
for getting rid of it. At the same time we burn many millions 
of tons of coal to produce heat energy, and by degrading the 
chemical energy into heat, waste the potential high grade energy 
which those millions of tons of coal could supply us. 

It is an economic crime to burn coal for mere heating without 
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first taking out as much high grade energy, mechanical or elec¬ 
trical, as is economically feasible. It is this feature, of using the 
available high grade energy of the coal, before using it for heating, 
which makes the isolated station successful, though it has every 
other feature against it. To a limited extent, combined electric 
and central steam heating plants have been installed, but their 
limitation is in the attempt to distribute heat energy, after pro¬ 
ducing it in bulk, from a central station. Here again we have 
the same rule^ to do it efficiently, do it electrically. In the 
efficiency of distribution or its reverse, collection, no other form 
of energy can compete with electric energy, and the economic 
solution appears to be to burn the fuel wherever heating is re¬ 
quired, but first take out its available high grade energy, and 
collect it electrically. 

Assume we use 200 million tons of coal per year for power, at 
an average total efficiency of 12 per cent, giving us 24 million 
kw. (referred to 24-hr. service) and use 200 million tons of coal 
for heating purposes, wasting its potential power. 

If then we could utilize the waste heat of the coal used for 
power generation, even if thereby the average total efficiency 
were reduced to 10 per cent, we would require only 240 million 
tons of coal, for producing the power, and would have left a 
heating equivalent of 216 million tons of coal, or more than re¬ 
quired for heating. That is, the coal consumption would be re¬ 
duced from 400 million to 240 million of tons, a saving of 160 
million tons of coal annually. 

Or, if from the 200 million tons of coal, which we degrade by 
burning it for fuel, we could first abstract the available high 
grade power, assuming even only 5 per dent efficiency, this 
would give us 10 million kw. (24-hr. rate), at an additional coal 
consumption of 10 million tons, while the production of the 10 
million kw. now requires 100 million tons of coal, more or less, 
thus getting a saving of 90 million tons of coal; or putting it the 
other way, a gain of 9 million kw.—12 million horse power— 
24-hr. service, or 36 million horse power for an 8-hr. working day. 

It is obvious that we never could completely accomplish this; 
but even if we recover only one-quarter, or even only one-tenth 
of this waste, it would be a vast increase in our national 

efficiency. 

•Thus the solution of the coal problem, that is, the more eco¬ 
nomic use of fuel energy, is not only the increase of the thermody¬ 
namic efficiency of the heat engine, in which a radical advance 



Per ton of coal: Chemical energy, 30 X 10 € kj: Heat energy of steam from boiler, at 75 per cent, boiler efficiency, 22.5 X 10 kj. 
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Size of 
induction 
generator, 
per 100 tons 
coal annually 

25 kw. 

45 kw. 

40 kw. 

55 kw. 

Tons of coal 
per kw. 

5.7 

3.5 

3.9 

2.7 

Avg. kw., 
assuming 
25% time of 
use 

0.176 

0.283 

0.258 

0.37 

Value of 
power at 
per kw-hr. 

1.92 

3.10 

2.82 

4.05 
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is limited by formidable diffi¬ 
culties; but is the recovery of 
the potential energy of all the 
fuel, by electric collection. 

C. Turbo Induction Gener¬ 
ator 

Assume then that wherever fuel 
is burned to produce steam for 
heating purposes, instead of a 
low-pressure boiler giving a few 
pounds over-pressure only, we 
generate the steam at high pres¬ 
sure, at six atmospheres (90 lbs.) 
or, in larger plants, even at 15 at¬ 
mospheres (220 lb.) passing the 
steam through a high pressure 
turbine wheel directly connected 
to an induction generator tied 
into the electric supply system, 
and then exhaust the steam at 
1.25 atmospheres (19 lb.) into the 
steam heating system, or at 0.48 
atmospheres (7 lb.) into a vacuum 
heating system. 

At a fuel value of the coal of 
30,000 kj. per kg. we have (see 
table) 

From this it would follow that 
the average magnitude of the 
steam turbine induction gener¬ 
ator plant for power collection 
from fuel in heating plants, would 
be about one-quarter to one-half 
lew. per ton of coal burned an¬ 
nually, under the assumption, 
that the use of the heating plant 
is equivalent to full capacity 
during one quarter of the time, 
and the turbine induction gen¬ 
erator plant 50 per cent larger, 
to take care of maximum loads. 
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As seen, the value of the recovered power would be a sub¬ 
stantial percentage of the fuel cost. 

With 100 million tons of coal used for heating purposes an¬ 
nually, assuming an average recovery of 600 kw-hr. per ton, 
this gives a total of 60,000 million kw-hr. per year. One- 
quarter of this is more electric power than is now produced at 
Niagara, Chicago, New York and a few other of the biggest 
electric systems together. 
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Discussion on “America’s Energy Supply” (Steinmetz') 
Atlantic City, N. J., June 27, 1918. » ' 

A. ML Schoen: In connection with the discussion of the 
question of our fuel supply and the need of additional power, 
it occurs to me to mention that about the year 1911, I think it 
was, I had the honor of representing the Institute at a hearing 
before the Committee on Agriculture from Congress on the 
subject of forest conservation. At that time the interests of 
the Institute lay in the conservation of the waterpower by 
protecting forests. There was a paper presented at that meet¬ 
ing by Mr. M. 0. Leighton, engineer for the U. S. Geological 
Survey, and in that, paper he went comprehensively into a 
survey he had made of the water powers of the Southern Appa¬ 
lachians. He called attention to the fact that by throwing 
dams across the ravines at the heads of a number of these 
streams the water could be impounded, and the low water 
stage of certain rivers could be materially raised. 

The rainfall m the Southern Appalachians is very heavy 
I think next to the Puget Sound region the heaviest we have 
in this country. Mu*. Leighton s work was done with a view 
to improving rivers at that time navigable and rendering nav¬ 
igable others suffering from extreme low water. The same 
data, however, would indicate that through this method of 
protecting against freshet and drought, the low water stages 
could be so improved as to furnish sufficient water to change 
a considerable part of the power developed at some of the 
hydroelectric plants from secondary to primary, thus utilizing 
machinery at present idle during a considerable part of the 
year. With the present appeal from the Government to help 
save the coal, now would seem to be the accepted time to make 
use of this additional; power. Mr. Leighton’s paper was pub¬ 
lished in 1908 and will doubtless be found of interest in this 
connection. 

B. A. Behrend. Dr. Steinmetz s interesting suggestion meets 
with one or the other of the horns of a dilemma which has con¬ 
fronted engineers in regard to the distribution of heat. If 
Mr.^ Steinmetz s idea, is carried out literally as he wishes it to 
be, it is necessary to install in each house a boiler, a steam tur- 
bine, and an induction generator, so that the latent heat of the 
steam can be utilized for heating purposes. If this is not done, 
it is necessary to group together a number of houses in which 
the old difficulty of distributing heat has to be faced. Mr. 
Steinmetz does not wish us to consider the second alternative 
which has been carried out in several plants, particularly in 
Milwaukee in a station installed there some twelve years ago by 

Mr. John I. Beggs, for which the speaker designed the electric 
generating units. 

Considering, therefore, the scheme as advocated by Dr. 
Steinmetz, we have to familiarize ourselves with the idea that 
dwellings will have to be equipped as indicated above, and 
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whether this is feasible, or whether it is possible to operate 
such plants without attendants of any kind is a question the 
consideration of which must be left to the individual judgment 
of those who have heard Mr. Steinmetz’s paper. 

In this connection, allow me to point out the suggestion 
made many years ago by Lord Kelvin to reverse the Carnot 
cycle and to return the heat thus gained into the building to 
be warmed. In making this proposal, Lord Kelvin stated 
that it would not be resorted to until a shortage of fuel was 
experienced. (See Mathematical and Physical Papers by Lord 
Kelvin, Vol. I, p. 516.) 

S. Barfoed (communicated after adjournment): In large 
sections of the Pacific Coast one mentioned source of energy 
supply, namely oil, is being used in an ever increasing amount, 
in spite of the fact that water power is plentiful in the unde¬ 
veloped stage. 

This oil, which is being burnt for its heat value only is the 
country’s legitimate lubricating stock. It is needed in an ever 
increasing amount for machinery of all descriptions and should 
not be used as a source of energy supply merely because it 
will burn. 

The various factors contributing to this misuse are well known 
to engineers and need no longer be discussed by them. 

How the energy sources may be utilized and coordinated to 
best advantage and with a minimum of waste from an engi¬ 
neering point of view seems almost paltry compared to the 
vexatious work necessary to bring about an understanding of 
the problem on the part of the general public and its chosen 
representatives on the various legislative and executive bodies. 

The trained engineer thinks generally not along the lines 
of least resistance, but he will have all he can do to carry out 
but a small fraction of Dr. Steinmetz’ simple and beautiful 
dream while our present generation is alive. 

Ralph Bennett (communicated after adjournment): In the 
first section of his article Mr. Steinmetz discusses in a general 
way the total possible energy to be derived from the use of 
falling water and of the sun’s rays. 

The conclusion drawn is that, even with a workable auto¬ 
matic generating station the energy of the water must be sup¬ 
plemented by other sources. 

But if it be granted that such stations are feasible and that 
the electrical network extends for distances so great that local 
climatical changes may be taken as more or less equalized then 
other sources not stated become available. 

The total energy of the winds is almost incalculable. Efforts 
to utilize them have been successful only in a small way because 
the need is for local power at definite times while the wind is 
a variable source, so far as any small areas are concerned, and 
cannot be controlled except to reduce the energy delivered by 
any single power unit. ' 
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Two methods of overcoming this difficulty have been gener¬ 
ally suggested. Both assume local isolated plants but one 
stores energy in electrical storage batteries while in the other 
scheme the energy is stored in water lifted into reservoirs. In 
both cases the cost of equipment and maintenance is so great 
that other sources of energy are more reliable and economical. 

As simple units feeding into a far extending network wind 
engines might have a much greater application. 

The average wind velocity over the United States is in the 
vicinity of 10 m. (16 km.) per hr. and 50-ft. (15.2 m.) mills will 
produce about 5 h. p. at this velocity. 

The number of mills which can be used is limited only by 
the reduction in current velocity which would result from over 
close spacing. If only one per acre were permissible on the 
1,920,000,000 acres of continental United States there would 
be developed a continuous output averaged over the country 
of over 8,700,000,000 h. p. 

The actual practicable production from this source may 
really be very considerable in the not distant future for there 
are known zones of highly sustained wind velocities and commer¬ 
cial mills are already well developed in small sizes. Only a 
power market capable of paying the high interest charges on 
the investment is needed to make such a plant possible. 

Two other intermittent sources of large amounts of energy 
are the waves and the tides. ' Both have been the source of 
endless experimentation by inventors. But few successful 
motors have developed. The main difficulty appears to be 
the extremely rugged construction required as compared with 
the average energy developed. But connected to networks 
fed from many and scattered sources the output here might, 
as in the case of windmills, vary with the power available and 
not with the local demand. 

The coasts of the United States extend for over 21,300 mi. 
(34,279 km.). Along most of this length there is a tidal range 
of 5 ft. or better and a constant wave action. 

Possibly there may be available over 5000 h. p. per mile of 
coast from the waves alone and neglecting any energy which 
might be developed off shore. 

. T ta s would amount to 106,500,000 h. p. for the entire shore 
line. 

Doubtless successful motors could be built if the market 
would warrant the expenditure. 

Tidal motors are a more difficult problem since the only 
method considered at all. possible is the use of tidal basins and 
only in rare instances can these be had. 

Other sources of stored energy besides coal are in extensive 
use. At ‘the present time the oil production of the United 
States equals the equivalent of one-eighth of the coal used. 

Vast oil fields are as yet untouched. No complete explor¬ 
ation for new fields has been made. 
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Oil shales and bitumen charged rocks exist in enormous beds 
and from them as well as the exhausted sands of old oil fields 
further supplies of fuel can be drawn as the demand requires. 

One half of all the timber cut is wasted, yet the fuel and by¬ 
product value of this “refuse” is greater than that of the lumber 
commercially used. 

With the extension of the networks and a policy of free 
acceptance of offered power the use of these and n um erous 
other sources of smaller or larger supplies of energy will be¬ 
come possible and the necessary use of the coal and high- 
grade oil reserves can be materially restricted without hardship. 

C. P. Steinmetz: In discussing fuel consumption, I have 
included oil and natural gas, reduced to coal by their approxi¬ 
mate fuel value. This is the reason why the tonnage of coal 
given in my paper. is larger than that actually mined. It 
includes the coal equivalent of the other fuels. 

Very interesting and of some importance, is the subject 
regarding the use of wind power, made by Mr. R. Bennett. At 
present, due to the great irregularity of the wind, the windmill 
is of use mainly for such power demands, where great irregu¬ 
larity is permissible, that is, pumping for drainage, etc. Storage 
of the energy by storage battery is not economical—unless in 
very exceptional cases—due to the high investment, low efficiency 
and rapid depreciation of the battery. The only way of utilizing 
wind power to a greater extent, thus would be by electric collec¬ 
tion, feeding whatever power the wind gives into a general 
system together with hydraulic power, steam power, etc. The 
only economical way this could be done, appears to me, by the 
use of an induction generator attached to the wind-wheel. Such 
low-voltage induction generator would thus be located at the 
top of the tower and there would also be located the step-up 
transformer raising to the voltage of the collecting lines. This 
will probably be about 10,000 volts, that is, low enough not to 
increase the cost of the transformer and sufficiently high to 
carry the power for some distance. Even the collecting .lines 
would not come down from the wind-mill tower but jump 
directly to the next tower, that is, the wind-wheel tower would 
be used as transmission line tower. 

Such a system of collecting wind-power then would comprise 
a high-voltage trunk line—100,000 volts—main collecting lines 
issuing at right angles from the trunk line every few miles, at 
about 10,000 volts, and tied to the trunk line by step-up trans¬ 
formers, and branch collecting lines issuing from the main 
collecting lines every few hundred feet at right angles, thus 
about parallel to the trunk line. All these collecting lines 
would be tower lines and each tower contains a wind-wheel with 
low-voltage induction generator and a step-up transformer, 
connecting into the collecting line. Possibly some simple 
cutout device would also be required, connecting the wind- 
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wheel-induction generator-transformer into the collecting line by 
centrifugal force and disconnecting it by reverse-power relay. 

I believe such an arrangement would be economically feasible, 
that is, the value of the collected wind-power would pay the 
interest on the investment and maintenance and a fair profit, 
even to-day in some localities, where fairly sustained wind 
velocities exist, power is valuable, and the cost of fuel high. 
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PRE-CHARGED CONDENSERS IN SERIES AND 

IN PARALLEL 


BY V. KARAPETOFF 


Abstract of Paper 

A condenser is charged from a source of direct voltage, and 
then is used as a booster in series with this source to charge 
another condenser. By repeating this process a large number 
of times the second condenser is finally subjected to twice the 
voltage of the source. This is the principle of the Delon appara¬ 
tus for testing cables, and is explained in a numerical example. 
Then the more general case of two or more “pre-charged” con¬ 
densers in series is considered, when these condensers are con¬ 
nected to some source of direct voltage; it is shown how to deter¬ 
mine the final distribution of voltages among them. A similar 
problem is solved for pre-charged condensers in parallel. Fi¬ 
nally a general network of pre-charged condensers is considered, 
and equations are derived similar to KirchofFs laws, from which 
the final distribution of voltages and charges may be computed 
knowing the initial distribution. 


I N A paper presented before the Institution of Electrical Engi¬ 
neers (British) in February 1916, Mr. 0. L. Record described 
Delon's apparatus for testing the insulation of a high-tension 
cable. 1 While endeavoring to make clear to himself the theory 
of this ingenious device the present writer has investigated in 
general the action of a pre-charged condenser used as a booster 
in series with some source of e.m.f. for charging another con¬ 
denser. This led him further to deduce the equations of a 
general network of such condensers. Before giving these more 
general relationships it is of interest to explain the principle 
of Delon’s apparatus in a simple numerical example. 

The diagram of connections is shown in Fig. 1, in which C 
is a two-conductor cable under test, T is the testing transformer, 
R is a synchronous revolving rectifier arm, and C\, C 2 are two 
''booster” condensers. The theory of the apparatus, confirmed 
by actual experience, shows that the cable is subjected to a 
continuous voltage which is numerically equal to twice the ampli- 

1. Journal Inst. Elec. Engrs. Vol. 54 (1916), p. 610; abstracted in the 
Electrical World , Vol. 67 (1916), p. 665. 
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tude of the transformer voltage. Thus a cable can be readily 
tested at quite a high voltage, without having a source of con¬ 
siderable reactive kilovolt-amperes, and without subjecting the 
cable to dielectric hysteresis or dangerous oscillations. 

Theory of Delon's Apparatus. Let the capacities of condensers 
Ci and C 2 each be equal to one quarter of that of cable C, and 
let the rectifying arm occupy the position shown in Fig. 1 at 
the instant when the lower terminal of the transformer is 
positive, and the voltage is at a maximum. Let the instan¬ 
taneous value of this maximum voltage be 100 kilovolts and 
let the two condensers and the cable not be previously charged 
at all. Then at the instant under consideration condenser C 3 
is subjected to the full potential difference of 100 kv. between 
points A i and B, and is being 
“pre-charged” for the next 
half of the cycle. For the sake 
of simplicity we shall assume 
that the duration of the con¬ 
tact is sufficient to charge Ci 
to 100 kv. 

At the same instant the 
cable C is in series with con¬ 
denser C^and the two together 
are subjected to 100 kv. Since 
the capacities C and C 2 are in 
the ratio of 4 to 1, the voltage 

across Cis 20 kv., that across Fig * 1— Diagram of Connections 
C 2 is 80 kv. It is important F0R Testing Two-Conductor Cable 

to note that the polarities marked at condensers Ci and C-> are 
those during the process of pre-charging. The polarity of C 2 

during the first charge just described is opposite of that shown 
in the figure. 

Half a cycle later the synchronous arm touches contact A 2 
and the lower transformer terminal is negative. The corres¬ 
ponding polarities^ are shown in parentheses. The pre-charged 

i serves as a booster in series with the trans¬ 
former and helps to raise the charge on the cable, while condenser 
C *2 is being pre-charged between A 2 and B for the next impulse. 
We shall now determine the voltage to which the cable is charged 
after the second impulse. 

Since the capacities C and C\ are in the ratio of 4 to 1, any 
gain in voltage X across C corresponds to a loss of 4 X across 
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Ci- In other words, if the new voltage across C is (20 + X) f 
tliat across Ci is (100— 4 X). But the total instantaneous 
voltage between A 2 and B is 100 kv., so that 

(20 + X) - (100 - 41) = 100, 

iirom which X = 36 kv. Thus, after the second contact the 
garble is charged to 56 kv., while the original voltage across 
i has dropped to 44 kv. 

When the synchronous arm comes again in position A h the 
sable is connected in series with condenser C 2 which in the mean¬ 
while has been charged to 100 kv. We thus have the equation 

(56 + X) - (100 - 4 X) = 100 

rom which X = 28.8 kv., so that the cable is now charged to 
\4z.S kv. 

Carrying this reasoning further one readily finds that the 
voltage across the cable indefinitely approaches the value 200 
:v. which is the double of the amplitude of the transformer 
r oltage. Only after this value has been reached do the booster 
ondensers and the transformer cease to charge the cable further. 

- liis is because the total voltage of the transformer plus that 
T a booster condenser is equal to 200 kv., and a permanent 
equilibrium is established. Let the cable voltage after the 
' — Ik charge be E n . Then, by analogy with the foregoing 
xipressions, we have for the (n + 1) th application of voltage 

(E n + X) - (100 -41) = 100 
r 

Z = (200 - E n )/5 (1) 

z> that 

E n -|~i = E n T X = 40 T 0.8 E n (2) 

t will thus again be seen that the charging will stop or X will 
ecome zero when E n — 200 kv. 

Applying formula (2)' to the first few charges (except the 
litial one) we get the following values: 

20; 56; 84.8; 107.8; 126.3; 141; 152.8 kv. 

[ere the first value, 20 kv., does not satisfy the left-hand side 
f equation (2) when on the right-hand side one puts E n = 0. 
[owever, it must be remembered that when the voltage is 
p plied for the first time the booster condenser is not pre-charged 
> that equation (1) does not hold true either. Both equations 
>ld true for every impulse except the first one. 

One could imagine n condensers in place of each booster con- 
eriser, and with a proper commutating arrangement these 
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condensers could be prc-chsirgcd in pRmllel &nd discharged in 
series. In this case the cable could be subjected to a voltage 
equal to n + 1 times that of the amplitude of the transformer 
voltage. The idea of charging condensers in parallel and dis¬ 
charging them in series is not new and has been used for other 
purposes. 

Two Condensers in Series. Let us now consider a more 
general case (Fig. 2) of a condenser of capacity C pre-charged to 
a voltage E 0 and of a booster condenser C' pre-charged to a 
voltage Eo'. Let the corresponding charges or displacements 
of electricity in the condensers be Q 0 and QC- The operations 
will consist in charging C to a higher voltage by means of pre¬ 
charged C' in series with a battery e, then q'C'E'S' QCES 
pre-chargin'g C’ again, raising the voltage of 
C, and so forth. The problem is to determine 
the consecutive values of the voltage across C. \ { 

These values will be denoted by E 0 , E i, E it 

_ E n , while the corresponding pre-charge L 

voltages of the booster condenser will be p IG . 2 — Two Con- 
called Eo , EC, EC - EC- • densers in Series 

We have the fundamental relations 


% 


+ 1 


Qo= CE 0 (3) 

QC = C’ EC (4) 


Since the two condensers are connected in series, it is more 
convenient to use the reciprocal of capacity namely the so- 
called elastance of a condenser. 2 Introducing the elastances 


we get 


S = 1/C I 

S' = 1/C J 

£0 = Qo s 
EC = QC S' 


(5) 

( 6 ) 


Let now condenser C f be connected in series with a constant- 
voltage battery e, and the switch / closed. With the polarities 
shown in the sketch the condenser C assists the battery in 
further charging condenser C, and a quantity of electricity q 


2. When a capacity is expressed in microfarads, the corresponding 
elastance is measured in mega-darafs. See the author’s “Electric Circuit” 
(McGraw-Hill, 1912), p. 148; also his paper “Sur quelques calculs pratiques 
des champs dlectrostatiques,” Trcms . Congresso Internazionale delle 
Applicazioni Elettriche , Torino, 1911. 
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is displaced through the circuit. The charge on C is increased 
to 02 + <?)> that on C' is reduced to ( Q f — q). The correspond- 
ing voltages now are 

Ei = (<2o+ <z) 5 (7) 

Ei = 02o' -a) S' (8) 

An equilibrium is established when - 

e + Ei = Ei (9) 

Substituting in this equation the values from equations (6), 
(7) and (8) we get 

e + Eo'-qS' = E 0 + qS, 
or 

e + E 0 '-E 0 = q(S + S') (10) 

so that 

q = (e + JE 0 '- E 0 )/(S + S') (11) 

All the quantities on the right hand side of this expression are 
known and q may be computed. Substituting this value of 
q in equation (7) we get 

E x = E 0 + (e + E 0 ' - E 0 )[S/(S + S')] (12) 

This expression permits one to determine the new voltage of 
condenser C knowing the initial voltages and the elastances of 
the condensers. 

The larger the booster condenser the more it helps in charging 
the other condenser, but on the other hand the more expensive 
it is. Since the result depends only upon the ratio of the 
elastances we shall denote 

S' / (S + S') = a (13) 

S/(S + S') = 1 — ol (14) 

In the most efficient and most expensive case of an infinitely 
large auxiliary condenser {S' — 0) we have a = 0. In the 
other extreme, when it is impossible to charge C because C’ = 0 
or S' = oo, the ratio is a = 1. In all cases a is a positive regular 
fraction, and may be called “slack factor/’ Equation (12) 
becomes 

Ex = (1 - a) (e + EoO + aE 0 (15) 

or 

Ei = (1 - a) Vi rb a E 0 (16) 

Here 

Vi = e + E 0 ' (17) 

is the total charging voltage applied to condenser C at the 
instant of closing switch /. 

Let now the switch be opened, the condenser C' pre-charged 
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to some other voltage Ei and the switch closed again. By 
analogy with equation (16), the new voltage to which condenser C 
will be charged is 

E/2 =: (1 Qt) V 2 ~j- O' Eif 

where V 2 = e E\ is the new total charging voltage which in 
a general case may be different from Fi. If this charging 
process be repeated n times we get 

E x = (1 - a) Vx + a E 0 

E 2 — (1 — a) V 2 + a Ei = (1 — a) (V 2 + ol Vi) + a 2 Eo 

Ez — (1 —■ a) Vz + ol E 2 = (1 — ol) (Vz + a V 2 + a 2 Fi) 

+ Op Eq 


E n =* (1 - a ) (V n + a V n -! + a 2 V n - 2 +....+ a”" 1 V x ) 

~f" OC n Eq 

No matter how many times the charging process be repeated 
the voltage across C remains finite because it cannot possibly 
exceed the highest charging voltage V applied to it. 

In practise, the condenser C’ would usually be pre-charged 
every time to the same constant value, say E', so that 

Vi — V 2 — .... = V n = F = e + E' (19) 

The preceding expression is then simplified to 

E n = (1 - a) (e + E') (1 + a + a 2 + _+ a n ~ i) + a n E 0 

or 

-E» = (1 ~ oc n ) V + a n E a (20) 

Compare this expression with equation (16). After an infinite 
number of applications of voltage, that is n = , 

a” = 0, and 

E x = e + E' ( 21 ) 

independent of a or E Q . However, the values of a and E 0 
determine the law according to which the voltage E approaches 
its ultimate value. With a small slack factor, a, that is with 
an expensive auxiliary condenser, the final value is practically 
reached after a few charges, while with an ol near unity it may 
require many thousands of applications. 

In the simplest case the same battery 6 would be used for 
pre-charging condenser C ', so that E’ = e. Equations (20) and 
( 21 ) become 

E n = 2 e (1 - a”) + a n E 0 ( 22 ) 

■E® = 2 e (23) 

These two relationships apply in Delon apparatus. 
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Several Condensers in Series. We shall now consider a still 
more general case of several pre-charged condensers in series. 
Let the initial voltage, charge, and elastance of the k — th 
condenser be E* 0 , Qk and Sk respectively, so that originally 

Eh = Qk Sk ■ (24) 

Let all these condensers be connected in series and also in 
series with a source of constant voltage e, say a battery, and the 
switch closed. It is required to find the new voltages across 
the indi vidu al cond en sers. 

We shall consider as positive those voltages Eh which “buck” 
or oppose the battery voltage, while the voltages which help 
the battery will be considered negative. Let q be the displace¬ 
ment of electricity or the charge which passes through the circuit 
when the switch is closed. The new charge in the k — th 
condenser is Qk + q, and the new voltage 

Eki = (Qk + q) Sk = Eh + q Sk (25) 

But when the equilibrium is established 


- h,k \ = e 


or 


2£ i0 + s25i = e 
Hence, the additional charge 

q = 0-2 E k0 )/ISk 


(26) 

(27) 

(28) 


But e — 2 Eko is the net voltage before the switch is closed, and 
2 Sk is the equivalent elastance of the whole circuit. We denote 


e-Z E h = e n 

v C* c 
Zj Ok — 

The preceding expression for q becomes 

q = e n / Seq 

and the new voltage across the k — th condenser 

E k i = Eh + e n (S k /S ea .) 


(29) 

(30) 

(31) 

(32) 


Condensers in Parallel . The case of several pre-charged con¬ 
densers in parallel allows of a very simple solution. Let con¬ 
densers of capacity C \, C%. \.. Ck .... C n be pre-charged to volt¬ 
ages Ei, E 2 • • . .Ek. .. .E w respectively and then put in parallel. 
Let it be required to find the common voltage E after the equali¬ 
zation of the charges. The k — th condenser has lost voltage 
Ek — E, which means that it has lost a charge equal to ( Ek — E) 
Ck . But in the absence of a source of e.m.f. the sum of the 
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charges after the equalization is the same as before, so that the 
sum of the changes of charge must be zero. We thus have the 
equation 

S (22* - E) C k = 0 (33) 

or 

2. if*. Ck — E % Ck — 0 

from which 

E = I E k Ck/E C k (34) 

When using this equation one has to be careful regarding the 
sign of each individual Ek . If all the positive terminals are 
connected together and all the negative ones together, then all 
the Ek s should enter in the equation with the same sign, say 
plus. But if some positive and other negative terminals are 
connected together, one should select a positive direction of 
e.m.f. and enter the individual Ek s in equation (34) with the 
sign plus or minus accordingly. As a practical application of 
pre-charged condensers in parallel the “method of mixtures” 
may be mentioned for measuring small capacities. 3 

Network of Condensers. As a most general case treated in 
this article, let a number of pre-charged condensers be connected 
in any arbitrary manner so as to form a network similar to a 
network of conductors. Let the initial voltage of the — th 
condenser be Ek o, the corresponding charge Qk o and the elastance • 
Sk; so that 

E k o = <2*o 5, (35) 

Let various sources of d-c. voltage, e h e% e z , etc. be distributed 
throughout the network. In the beginning a sufficient number 
of switches are supposed to be opened to prevent an equalization 
of charges and voltages. Then all these switches are closed, 
and it is required to find the new voltages and charges on the 
condensers. 

The problem is solved in a manner similar to that in which 
currents are found in a complicated network of conductors, 
namely by applying equations analogous to Kirchoffs laws. As 
soon as the switches have been closed, the distribution of charges 
on the condensers changes, the k — th condenser receiving an 
additional charge say g*. Let qk be considered positive when a 
positive displacement moves away from a junction point of 
three or more condensers. Since electricity behaves like an 

3. See for example V. Karapetoff, Experimental Electrical Engineering, 
(Wiley) Vol. II, p. 9. 
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incompressible fluid, we have a relationship similar to the first 
Kirchoff law, namely 

2 g* - 0 (36) 

An independent equation of this kind may be written for each 
junction point of the network but one. 

For each dielectric circuit that can be traced within the net¬ 
work the second Kirchoff law may be applied which in this case 
simply becomes 

2 c = 2 Ek i = 2 ( Qko ~t~ qk) Sk . 

But originally we had Qko Sk = Ek o, so that the preceding expres¬ 
sion becomes 

2 e = S E k0 + 2 q k S k (37) 

A sufficient number of equations of this form can be written 
down, together with equations of the kind (36) , to enable one to 
solve them as simultaneous equations for the unknown quantities 
<lk * Knowing a the corresponding new voltage across the 
condenser may be computed from the relationship 

Ek i = (Qko + qk) Sk = Ek o + qk Sk (38) 

In the beginning the directions of qk may be assumed arbitrarily; 
then those which actually take place in the opposite direction 
will come out negative, from the solution of equations (36) and 
(37). 
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Discussion on “Pre-Charged Condensers in Series and 

in Parallel” (Karapetoff), Atlantic City, N. J., 

June 28, 1918. 

C. O. Mailloux: I wish to say I saw the apparatus perform 
at the Electrical Exposition at Versailles in 1908, and, of 
course, it was at that time one of the most interesting features 
of the exposition. 

L. W. Chubb: Prof. Karapetoff s problem becomes more in¬ 
teresting when resistance load instead of static charges are con¬ 
sidered. It is perfectly feasible, instead of using condensers in 
this apparatus, to use batteries or direct-current generators, in 
which case the fluctuation of energy can be made very great, and 
power can actually be utilized at a potential higher than thepoten- 
tial of the source. We have used in certain cases a limited power 
from transformers giving approximately half of the voltage re¬ 
quired, and in the case of one or two hundred kv. it is a great ad¬ 
vantage to have a transformer, say, at 100 kv. for a load at 175 
kv. When these loads are applied the equations for the appar¬ 
atus become very much more complicated, because while the 
connections with the pre-charged condensers are being made, 
there is, of course, a leakage dependent upon the nature of the 
load and the time that it is on. 

b W : V. Lyon (Read by B. A. Behrend): The solution for the 
distribution of electricity among a network of condensers .is, 
as Prof. Karapetoff points out, readily obtained by applying 
principles similar to those commonly known as “Kirchoff’s 
Laws*'. The writer has long used problems involving , such 
networks to emphasize the generality of these principles.* 

Another point of view should be both interesting and in¬ 
structive. The current supplied to a single conductor or . to 
any network of resistances, in which there are no electromotive 
forces acting, will so distribute itself that the total joule heating 
loss is a minimum. Mathematically this reduces to the state¬ 
ment that the sum of the resistance drops around a closed 
f*i 1 * 0111 1 i h 7 ero 

' When a number of condensers that have been pre-charged 
are reconnected in any form of network and allowed to come to 
an unrestrained equilibrium!, the charges will, so redistribute 
themselves that the total stored energy is a minimum. Mathe¬ 
matically this is also equivalent to. the statement that the volt- 
ace drop around any closed circuit is zero. If this principle 
if combined with a second, namely, the algebraic sum of the 
charges at any insulated junction is constant, a solution for 
the redistributed charge is at once obtained. If an electro¬ 
motive force is inserted / in any branch of this stabilized network 
there will be produced an add'it'ioTicil cHcltqc on each condenser 
equal to that whic h would have been produced had the con- 

.*Pr<)i)ien^in Electrical Engineering (pp, 96, 97, 98) McGraw-Hill 

Book Co., 1908. ■ 1 

f No electromotive forces acting in the network. 
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densers originally been discharged. The resultant effect of 
more than one such electromotive force inserted in the network 
is e errmned by calculating the effect of each electromotive 
force as if it acted alone, all of the others being short-circuited. 

, e , n . additional charge on any condenser is equal to the 
algebraic sum of the charges due to the component electro¬ 
motive forces. The total charge on any condenser is the alge- 

raic sum of the stabilized charge and the net additional charge, 
ihe stabilized charge should always be calculated for the con¬ 
dition that all of the electromotive forces are short-circuited. 

As a means of solution there is little to commend this method. 
As a method of analysis, however, it emphasizes two important 
principles. These are the principles concerning the dissipation of 
energy m a system, and the combination of component effects 
m producing a resultant condition. 

Karapetoff. Perhaps one of the reasons why Delon 
apparatus has not been used in this country is that we have now 
the possibility of obtaining high voltages of a unidirectional 
C la , 1 ' ac * er by means of hot cathode valves, and I hope that a 
method will be developed, if it has not been already developed 
using these hot cathode valves, for producing high unidirectional 
voltage for testing cables. 

Regarding my nomenclature,. I do not like the word daraf, 
put i wanted to create a. disturbance among our rigorists 
m order to induce the Committee on Nomenclature to take some 
action. To make the situation particularly objectionable I 
also spelled the word henry backward, making it yrneh, which 
word is used m my “Magnetic Circuit”. It is not for an indi- 
viduai to com a new word, and I felt that I was more consistent 
m following the established practise (ohm, mho) thanin inventing 
a new word. I will be the first one to adopt a new word for 
reluctance, the reciprocal of henry, and for the daraf, the recip- 
rocal tor tarad, as soon as an international action has been taken. 
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method of symmetrical co-ordinates applied 

TO THE SOLUTION OF POLYPHASE NETWORKS 


BY C. L. FORTESCUE 


Abstract of Paper 

In the introduction a general discussion of unsymmetrical 
systems of co-planar vectors leads to the conclusion that they 
may be represented by symmetrical systems of the same number 
of vectors, the number of symmetrical systems required to define 
the given system being equal to its degrees of freedom. A few 
trigonometrical theorems which are to be used in the paper are 
called to mind. The paper is subdivided into three parts, an 
abstract of which follows. It is recommended that only that 
part of Part I up to formula (33) and the portion dealing with 
star-delta transformations be read before proceeding with Part II. 

-Po^ I deals with the resolution of unsymmetrical groups of 
numbers into symmetrical groups. These numbers may repre¬ 
sent rotating vectors of systems of operators. A new operator 
termed the sequence operator is introduced which simplifies the 
manipulation. Formulas are derived for three-phase circuits, 
btar-delta transformations for symmetrical co-ordinates are given 
and expressions for power deduced. A short discussion of har¬ 
monics m three-phase systems is given. 

Part II deals with the practical application of this method to 
symmetrical rotating machines operating on unsymmetrical 
circuits^ General formulas are derived and such special cases, 
as the single-phase induction motor, synchronous motor-genera¬ 
tor, phase converters of various types, are discussed. 


Introduction 

IN THE latter part of 1913 the writer had occasion to investi¬ 
gate mathematically the operation of induction motors under 
unbalanced conditions. The work was first carried out, having 
particularly in mind the determination of the operating char¬ 
acteristics of phase converters which may be considered as a 
particular case of unbalanced motor operation, but the scope 
of the subject broadened out very quickly and the writer under¬ 
took this paper in the belief that the subject would be of interest 
to many. 

The most striking thing about the results obtained was their 
symmetry; the solution always reduced to the sum of two or 
more symmetrical solutions. The writer was then led to in¬ 
quire if there were no general principles by which the solution 
of unbalanced polyphase systems could be reduced to the solu- 

1027 
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tion of|two^or|more|balanced cases. The present paper is an 
endeavor to present a general method of solving polyphase 
network which has peculiar advantages when applied to the 
type of polyphase networks which include rotating machines. 

In physical investigations success depends often on a happy 
choice of co-ordinates. An electrical network being a dynamic 
system should also be aided by the selection of a suitable system 
of co-ordinates. The co-ordinates of a system are quantities 
which when given, completely define the system. Thus a system 
of three co-planar concurrent vectors are defined when their 
magnitude and their angular position with respect to some fixed 
direction are given. Such a system may be said to have six 
degrees of freedom, for each vector may vary in magnitude and 
phase position without regard to the others. If, however, we 
impose the condition that the vector sum of these vectors shall 
be zero, we find that with the direction of one vector given, 
the other two vectors are completely defined when their magni¬ 
tude alone is given, the system has therefore lost two degrees 
of freedom by imposing the above condition which in dynamical 
theory is termed a “constraint”. If we impose a further con¬ 
dition that the vectors be symmetrically disposed about their 
common origin this system will now have but two degrees of 
freedom. 

It is evident from the above definition that a system of n 
coplanar concurrent vectors may have 2 n degrees of freedom and 
that a system of n symmetrically spaced vectors of equal mag¬ 
nitude has but two degrees of freedom. It should be possible 
then by a simple transformation to define the system of n 
arbitrary congruent vectors by n other systems of concurrent 
vectors which are symmetrical and have a common point. The 
n symmetr cal systems so obtained are the symmetrical co¬ 
ordinates of the given system of vectors and completely define 

it. • 

This method of representing polyphase systems has been 
employed in the past to a limited extent, but up to the present 
time there has been as far as the author is aware no systematic 
presentation of the method. The writer hopes by this paper to 
interest others in the application of the method, which will be 
found to be a valuable instrument for the solution of certain 
classes of polyphase networks. 

In dealing with alternating currents in this paper, use is 
made of the complex variable which in its most general form 
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may be represented as a vector of variable length rotating about 
a given point at variable angular velocity or better as the re¬ 
sultant of a number of vectors each of constant length rotating 
at different angular velocities in the same direction about a 
given point. This vector is represented in the text by /, E, 
etc., and the conjugate vector which rotates at the same speed 
in the opposite direction is represented by /, jfi, etc. The effec¬ 
tive value of the vector is represented by the symbol without 
the distinguishing mark as /,£, etc. The impedances Z«, Z 6 , 
Z ab , etc., are generalized expressions for the self and mutual 
impedances. For a circuit A the self-impedance operator will 
be denoted by Z aa or Z a . In the case of two circuits A and B 
the self impedance operators would be Z aa Z bb and the mutual 
impedance operator Z ab . The subletters denote the circuits to 
which the operators apply. These operators are generally 

d 

functions of the operator, D = - — and the characteristics of 

at 

the circuit; these characteristics are constants only when there 
is no physical motion. It will therefore be necessary to care¬ 
fully distinguish between Z a I a and I a Z a when Z a has the form 
of a differential operator. In the first case a differential opera¬ 
tion is carried out on the time variable I a in the second case the 
differential operator is merely multiplied by I a . 

The most general expression for a simple harmonic quantity 
e is 

e — A cos pt — B sin pt 
in exponential form this becomes 


A + j B 


€? + 


A-jB 


(A +j B) e?* 1 represents a vector of length Vi 2 + B 2 rotating 
in the positive direction with angular velocity p while (. A — j B) 
is the conjugate vector rotating at the same angular 
velocity in the opposite direction. Since e ji>t is equal to 
cos ptArj sin pt , the positively rotating vector E = (A -\~j B) 
will be 

E — A cos pt — B sin pt + j (A sin pt + B cos pt) 

or the real part of & which is its projection on a given axis is 
equal to e and therefore & may be taken to represent e in phase 
and magnitude. It should be noted that the conjugate vector 
& is equally available, but it is not so convenient since the 
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Jr • ■ ■;' • . : ■' 

operation —j— e~ j pt gives — j p e~ jpi and the imaginary part 

of the impedance operator will have a negative sign. 

The complex roots of unity will be referred to from time to 
time in the paper. Thus the complete solution of the equation 
x n — 1 = 0 requires n different values of x, only one of which 
is real when n is an odd integer. To obtain the other roots we 
have the relation 

1 = cos 2 t r + j sin 2 tt r ■ 

— . £7* 2' irr - ■ 1 '■ ' 

Where r is any integer. We have therefore -. . . 

1 .2 ir r •,.... > j ■■' 

r =. e n 

and by giving successive integral values to r from 1 to n, all 
the n roots of x n — 1 =0 are obtained namely, 




It will be observed that a<i a^... ,a n are respectively equal to 

<Zi 2 ai 3 ... 

When there is relative motion between the different parts 
of a circuit as for example in rotating machinery, the mutual 
inductances enter into the equation as time variables and when 
the motion is angular the quantities and e ~ jwt will appear 

in the operators. In this case we do not reject the portion of 
the operator having e~ jwt as a factor,' because the equations 
require that each vector shall be operated on by the operator 
as a whole which when it takes the form of a harmonic time 

function will contain terms with & wt and e~in .conjugate 

relation. In some cases as a result of this? solutions will -appear 
with indices of € which- are negative time variables ; in, such 
cases in the final statement the vectors with negative index 
should be replaced-by their conjugates which, rotate -in the 
positive direction. 
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This paper is subdivided as follows: 

Part I—“The Method of Symmetrical Co-ordinates.” Deals 
with the theory of the method, and its application to simple 
polyphase circuits. 

Part II—Application to Symmetrical Machines on Unbal¬ 
anced Polyphase Circuits. Takes up Induction Motors, Gener¬ 
ator and Synchronous Motor, Phase Balancers and Phase 
Convertors. 

Part III. Application to Machines having Unsymmetrical 
Windings, 

In the Appendix the mathematical representation of field 
forms and, the derivation of the constants of different forms of 
networks is taken up. 

The portions of Part I dealing with unsymmetrical windings 
are not required for the applications taken up in Part II and 
may be deferred to a later reading. The greater part of Part I 
is taken up in deriving formulas for special cases from the 
general formulas (30) and (33), and the reading of the text fol¬ 
lowing these equations may be confined to the special cases of 
immediate interest. 

I wish to express my appreciation of the valuable help and 
suggestions that have been given me in the preparation of this 
paper by Prof. Karapetoff who suggested that the subject be 
presented in a mathematical paper and by Dr. J. Slepian to 
whom I am indebted for the idea of sequence operators and by 
others who have been interested in the paper. 

PART I 

Method of Symmetrical Generalized Co-ordinates 

Resolution of Unbalanced Systems of Vectors and 

Operators 

The complex time function E may be used instead of the har¬ 
monic time function e in any equation algebraic or differential 
in which it appears linearly. The reason of this is because if 
any linear operation is performed on E the same operation per- 
formed pn its conjugate will give a result which is conjugate 
to that obtained from E, and the sum of the two results obtained 
is a solution of the same operation performed on E + or 2 e. 

It is customary to interpret E and & as coplanar vectors, 
rotating about a common point and e as the projection of either 
vector on a given line, & being a positively rotating vector and 
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& being a negatively rotating vector, 
the given line being 


E + & 
e = ^ 


and their projection on 



Obviously if this interpretation is accepted one of the two 
vectors becomes superfluous and the positively rotating vector 
i? may be taken to represent the variable u e” and we may de¬ 
fine “e ” by saying that “e" is the projection of the vector E 
on a given line or else by saying that “e ” is the real part of the 
complex variable E. 

If (1), a> a 2 . . . .a n ~ l are the n roots of the equation x n — 1 = 0 
a symmetrical polyphase system of n phases may be represented 
by 

* \ 

En = Eu 

En = a£n 
E n = a 2 &n 

. ' ( 2 ) 




J 


Another n phase system may be obtained by taking 

T7 _ -U V 

JlL 12 — -tL 12 

£22 =: 0 ? E \2 
Ez2 ” (ft E\2 

.. (3) 


jE n 2 = atb-VEu j 

and this also is symmetrical, although it is entirely different 
from ( 2 ). 

Since 1 + a + a 2 + a*” 1 = 0, the sum of all the vectors 
of a symmetrical polyphase system is zero. 

If £1 E 2 E$... .E n be a system of n vectors, the following 
identities may be proved by inspection: 
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E, 


El + -^2 . . . .JS n 


n 


<m|hm 


+ 


+ 


Si + d S2 4~ d 2 S3 4~ •.. ■. d w 1 S n 

n 

Eg + a 2 jS2 + d 4 Ss + • • • jS n 

n 

■Eg ~f~ CL t ~^ S 2 -f- d 2 ^ - *- 1 ) S3 "j"... ^(»—l)(r—1) 




+ 

| • * * # 


& 


Ei + a 1 S2 + a 2 -S3 + _ a ( n V S n 

n 

&1 + &1 + &+. 


n 


■f* d 


_1 Si ~f~ d S2“f" d 2 S3 -f*. . . . d n 1 E n 


n 


^_2 -Si + & 2 -S2 + d 4 S3 + . . . . d 2 ^ w ^ S n 


+ a-('-i). 


4- a~( n ~V). 


n 

•Si ~f“ d r "“^ £2 # 2 (r— 1 ) 1 )(^ — 1 )£ m 

Si -j- a~ l S 2 4 ~ d ~~ 2 S 3 -f-. . . ,g~“Cw-l) jg n 

ft * ” 


£ _Si + S 2 + S3 +.... S n 


n 


“f" d ^ ^ 


-j- d 2 (n 1) 


, n Si 4- d S2 + d 2 S3 +.... d w 1 S n 


n 


Si + d 2 S2 -f" d 4 S4 4~ • - . • d 2 ^ S n 

n 


-f a -(*~l)(r-l) 


Si + d r 1 S2 4" ... .d^ n ,S n 

n 


+ a~ l Si + ^ 1 S 2 + d~ 2 S 3 +- ar S n 




(4) 


. / 

It will be noted that in the expression for Si in the above 

formulas if the first term of each component is taken the result is 
n or Si. If the succeeding terms of each component involving 


n 
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£ 2 £ 3 . ...jS n respectively, are taken separately they add up to ex- 

pressions of the form ( 1 +a+a 2 + . ... a n “ 1 ) which are all 

equal to zero since (1+a+& 2 +.... a n _1 ) is equal to zero. In like. 
manner in the expression for E% £3 .. .E n respectively, all the terms 
of the components involving each of the quantities £1 £2 £ 3 *. .etc. 
excepting the terms involving that one of which the components 

V* 

E r 

are to be determined add up to expressions of the form - 


(1 + a + a 2 +... .a 71 " 1 ) all of which are equal to zero, the re¬ 
maining terms add up to £2 Ez....E n respectively. It will 
now be apparent that (4), is true whatever may be the nature 
of Ei £ 2 etc., and therefore it is true of all numbers, real complex 
or imaginary, whatever they may represent and therefore 
similar relations may be obtained for current vectors and they 
may be extended to include not only vectors but also the oper¬ 
ators. 

In order to simplify the expressions which become unwieldy 
when applied to the general w-phase system, let us consider a 
three-phase system of vectors E a Eb E c . Then we have the 
following identities: 


E a = 


E a 4“ Eb + £ . E a "T cl Eb 4~ cl 2 E c 

v 1 ... . ..— .. ... 

O I o 


+ 


E a + a 2 Eb 4~ cl E c 


Eb 


E a Eb 4" £>c , 2 *^ a 4* cl 2 E c 


4- a? 


4 “ cl 


Ea 4" CL 2 Eb 4“ CL Ec 


Ec 


Ea + Eb + Ec , Ea + a Eb + a 2 E c 


+ a 


E a + a 2 £ b + a£ c 


(5) 


(4) states the law that a system of n vectors or quantities 
may be resolved when n is prime into n different symmetrical 
groups or systems, one of which consists of n equal vectors : and 
the remaining (n — 1) systems consist of n equi-spaced vectors 
which with the first mentioned groups of equal vectors forms 
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an equal number of symmetrical n-phase systems. When 
n is not prime some of the n-phase systems degenerate into 
repetitions of systems having numbers of phases corresponding 
to the factors of n. 

Equation (5) states that any three vectors E a E b E c may be 
resolved into a system of three equal vectors E a o E a0 S a0 and 
two symmetrical three-phase systems E a i, a 2 E ah a E al , and E a2 , 



Fig.' 1—Graphical Representation of Equation 5. 


a jE 0 2 , a 2 E a 2 , the first of which is of positive phase sequence and 
the second of negative phase sequence, or 



lb — faO 4" &2 Ial + & Ia2 > (7) 

v v* v* 

Ic — IaO ~b O’ Ial -f- a 2 I a 2 


■Figs. (1) and (2) show a graphical method of resolving three 

V y* 

vectors E a E h and E c into their symmetrical three-phase com¬ 
ponents corresponding to equations (5). The construction is as 

V* v* V 

follow ^:—Ego Ebo, Eoo, are obtained by drawing a line from 0 to 
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the centroid of the triangle E a Eb E c . E a \ E b i, E ci are obtained 
by rotating Eb positively through an angle ~~, and E c nega- 

O 

tively through the same angle giving the points a E b and a 2 E c 

respectively. E a 1 is the vector obtained by a line drawn from 0 to 

the centroid of the triangle E a , a Eb, a- £ c ; and E h i and E c i lag 

2 7r 4 7 r v v 

this vector by —g- and —r— respectively. To obtain E a 2 E bi 

Ed, Eb is rotated negatively and E c positively through the angle 
2 7T ^ ^ 

-g— giving the points a 2 E b and a E c respectively; the line 
drawn from 0 to the centroid of the triangle E a , a 2 E b , a E c is the 



Fig. 2—Graphical Representation of Equation 5. 


V V V m 

vector E a 2 , E b2 and E c2 lead this vector by the angles 
4 7 r 

— 5 — respectively. 


2 7T 


and 


The system of operators Z aa Z bb Z cc Z ab Z bc Z ca may be resolved 
in a similar manner into symmetrical groups, 

Zaa == Z a aO 4~ Z a al “T Z aa2 


Z bb = ZaaO + 0. 2 Zaal 4" CL Z aa2 

I 

Zcc *** Z aa 0 4 ” 0> Zaal 4 ” CL 2 Z a a2 
Z ab = ZabO 4 ” Zabi 4 " Z a 62 
Z be — ZabQ 4 “ CL 2 Z a bl 4 ” CL Z ab 2 
Z ca = ZabO 4 “ CL Z a hl 4 ” CL 2 Z ab2 
There are similar relations for w-phase systems. 




( 8 ) 


( 9 ) 
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Explanation of Theory and Use of Sequence Operator 

Let us define the symmetrical sequences of nth roots of unity 
in the following manner: 

S° = 1, 1, 1... .1 

5 1 = 1, a~\ a ~ 2 ... .o-t”" 1 ) 

7 7 4 

5 2 = 1 , a~~ 2 , or 4 .. . .a _2(w “ 1) 


S r = 1, a" 27 _ a -(»-i)r 

S<r+i) = 1, Wr+i) 


5(«-l) = a -2(n-l)' . 

Consider the sequence obtained by the products of similar 
terms of S r and S 1 . It will be 

5(r+l) = 1 , a-(r+l) f a - 2 (r+D # # . . a -(*-l)<r+l> (H) 

Similarly 

S* = l, a- 2 *.(12) 

and the sequence obtained by products of like terms of this 
sequence and S' is 

S(r+k) * lf a -<r+», . . #a -(ii-l)<r+*) ( 13 ) 

We may therefore apply the law of indices to the products of 
sequences to obtain the resulting sequence. 

In the case of the three-phase system we shall have the fol¬ 
lowing sequences only to consider, viz. : 

5° = 1, 1, 1 

5 1 — 1, a 2 , a 

5 2 = 1, a, a 2 

v" V v 

The complete system of currents I a h I c are defined by 

5 (I a ) = 5° I a0 + 5 1 Ial + 5 2 I a 2 (15) 

Similarly the impedances Z aa Zm Z cc may be expressed in sym¬ 
metrical form 

5(Z aa ) = 5° 

ZaaO + S 1 

Z a al + S 2 Z aa2 (16) 

and the mutual impedances Z a b, Zbc , Z ca are expressed by 

5 (Zab) = 5° ZabO + S l Zabl + 5 2 Z a62 (17) 
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Attention is called to the importance of preserving the cyclic 
order of self and mutual impedances, otherwise the rule for the 
sequence operator will not hold. Thus, Z ab , Z bc and Z ca are in 
proper sequence as also are Z ca , Z a b, Z^. 

When it is desired to change the first term in the sequence of 
polyphase vectors the resulting expression will be 


5 (h) = 5° 7 a0 + 5 l a 2 l a i + S 2 a l a2 ' 
5 (I c ) = 5° I a0 + S'a Tai + a 2 l a2 . , 


(18) 


Similarly in the case of the operators 5 (Z ab ) we have 
5 (Ztc) = 5° Zm + o 2 Z„6i + 5 s a Z aii 
S (Z ca ) = 5° Zabo + S 1 a Z ail + S 2 a 2 Z ah2 
Similar rules apply to the e.m.fs. E a E b E c 

S (M a ) = 5° M a0 + S 1 E al + S 2 £ a2 
5 (Mi) = 5° M a0 + S l a 2 Eal + S* a M a2 
S (Me) = 5° Eao + S 1 a E al + S> a 2 E a2 


(19) 



It should be kept in mind that any one of the several expres- 

W v* 

sions 5 (la) S ( h ) S (I c ), etc., completely specifies the system, 
and each of the members of the groups of equations given above 
is a complete statement of the system of vectors or operators 
and their relation. 


Application to Self and Mutual Impedance Operations 

We may now proceed with the current systems 5 (/«), 5 (/&), 
S ( I c ) and the operating groups 5 (Z aa ) S (Z u ) S (Z cc ) etc. and 
the electromotive forces in exactly the same manner as for 
simple a-c. circuits. Thus, 

5 (Ma) = 5 (Zaa) S (I a ) + S (Zab) S(I b ) + 5 (Zj S(f e ) (21) 

= ( 5 ° Zaao + S 1 Zaal + 5* Z aa! ) (S° l a 0 + la 1 + S 2 I a2 ) 

+ (S° Zabo + S 1 Z a bi + S 2 Zab 2 ) 

(S° l a o ~h S l a 2 f a S 2 ct I a2 ) 

+ (S° Zabo + S 1 a Zabi + S 2 a 2 Zm) 

(S° la o + S l a lax + S 2 a 2 I a2 ) 

5= 5® (Zaa o "h 2 Zabo) Ia0 + *5° { Z a a 2 *f" (1 + O 2 ) Z ab2 ] l a \ 



i .■ 
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% 

+ 5° {Z oo1 + (1 + a) Z a61 j /„ 2 
4“ S 1 {Zaal~h (1 4~ O') Z a blj Ia0 
+ S 1 {ZaaO + {O' + 0?) Zabo] Ial 
“f" [Z a a2 “f* 2 Cl Z 062 } *a2 
+ S 2 {Z aa 2 + (1 + (X 2 ) Zo62} Jao 

+ 5 s {Z aal 4“ 2 a 2 Z a &l} J a l 

4“ S 2 {ZaaO 4~ (<2 4” CL 2 ) Z a bo} Ia2 (22) 

Or since 1 + a + a 2 = 0, 1 + a = — a 2 , 1 + a 2 = — a and 
<2 + a 2 — — 1 

|5 (-E a ) ~ S° (ZaaO 4" 2 Z a bo) IaO 4” *5° (Z aa 2 <2 Z ab2 ) Ial 

+ 5° (Zaal - a 2 Z a bl) la 2 + S 1 (Z aa l - a 2 Z o 6 l) / a 0 
+ S 1 (ZaaO “ Z a&0 ) Ll + S 1 (Z a a 2 + 2 a Z ab2 ) L 2 
+ S 2 (Z a a 2 - Z a&2 ) IaO + S 2 (Z aa l + 2 a 2 Z o6l ) lal 

+ 5 2 (ZaaO~ Zabo) Ia2 (23) - 

Or since 

5 (Z 6c ) = 5° Z6 C o + 5 1 Zbd + 5 2 Z &c2 

= 5° Zabo 4“ S l a 2 Zabl + S 2 a Z a b2 
we may write (23) in the form 

S (£ a ) - 5° (ZaaO 4- 2 Z&co) I a0 4~ 5° (Z a a 2 ~ Z hc2 ) I al 

+ S° (Zaal Zb cl ) Ia2 4" *S X (Z aa l Zbd) I a 0 

4“ S 1 (ZaaO Zbco) Ial 4~ S 1 (Z a a2 4“ 2 Zbcl) 1a2 

+ S 2 (Z a a2 - Z bc2 ) I a0 4~ *S 2 (Z aa l 4~ 2 Z bcl ) / al 

4~ Z 2 (ZaaO— Z bc o) Ia2 (24) 

which is the more symmetrical form. We have therefore from 
(24) by expressing 5 (E a ) in terms of symmetrical co-ordinates 
the three symmetrical equations 

5° &a0 = S° { (ZaaO 4~ 2 Z 6c0 ) Lo 4" (Z aa 2 ~ Z bc2 ) T al 

+ (Zaal - Zbd) I a2 } 

5 1 E a 1 — 5 1 { (Zaal ~ Zbd) Iao 4" (Z aa 0 “ Z bc o) l a \ 

4" (Zaa 2 4” 2 Z bt2 ) / a2 } 

5 2 E a 2 == S 2 { (Z aa 2 “ Z bc2 ) I a q 4” (Z a al 4“ 2 Z bc i) I a j 

+ (ZaaO — Zico) /a2} 



( 26 ) 
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An important case to which we must next give consideration 
is that of mutual inductance between a primary polyphase 
circuit and a secondary polyphase circuit. The mutual im¬ 
pedances may be arranged in three sets. Let the currents in 
the secondary windings be I u Iv and Iw, we may then express 
the generalized mutual impedances as follows: ' 


(I) Zan Z \to Z c w 

(II) Z b w Z cu Z„ 
(III) z 6u 


\ 


> 





Each set may be resolved into three symmetrical groups, so 
that 


5 (Zau) = 5° Z aw0 + S 1 Z awl + S 2 Z aw2 
*S (Z b w) == S° Ziw o + aS 1 Ziwi + S 2 Zbw 2 
5 (Z cv ) = S° Zcv 0 + S 1 Z cv 1 + S 2 Z cv 2 


(27) 


and we have for S ( E a ) the primary induced e.m.f. due to the 
secondary currents S ( I u ) 

5 (Ea) = 5 (Zau) S (Iu) + 5 (Z av ) S (/,) + S (Z aw ) S (L) (28) 


Substituting for S (I u ), S (I v ) and 5 (Iw) and S (Z au ), S (Z av ) 
S (Z a w) their symmetrical equivalents we have 


5 (E a ) — S° (ZauO + Zbw 0 4“ Z cv o) Iuo 


+ S° (Zau2 + O' ZbW 2 + o 2 Zcv%) lul 
+ S° (Zaul + o 2 Zbw 1 + a Z C vl) I U 2 
4"* 5 1 (Zaul 4" o Zbw\ + O 2 Z cvl ) I u 0 

+ & (Zau0 + O 2 Z b WQ [ O Z C v o) lul 

+ S 1 (Z au 2 + Z b w2 4“ Z C v2) Iu2 
+ S 2 (Z au 2 + O 2 Z b w 2 + O Z V 2) I u0 
+ S 2 (Z awl 4” Zbw l + Z C vl) lul 
+ S 2 (Z au 0 4“ O Zbwo 4” O 2 Z C vo) Iu2 (29) 
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On expressing S (M a ) in symmetrical form we have the following 
three symmetrical equations 

*S° £ a 0 — S° { (Z au 0 + Zbwo 4“ Z cv o) I u0 

+ (.Zau 2 + O' Zbw2 4“ CL 2 Z cv 2 ) I u 1 

4“ C^awl 4“ CL 2 Zbwi 4“ CL Z cv 1 ) ^ 2 } 

S l &al = S l {(Z au l 4“ & Zbw l + O 2 Z cv 1 ) I u q 

4“ (ZauO 4" Cl 2 Zbwo | O' Zi Cty 0 ) Lx 

4" (Zau 2 4“ Zbw2 + Z cv 2 ) / w2 } 

vS 2 £ a2 — S 2 { (Z aU 2 + a 2 Zbw 2 + a Z cv2 ) I u ° 

4“ (Zaul 4“ -ZWl 4“ -Z^l) Iul 

4" (ZauO 4" CL Zbwo 4" Cl 2 Z cv 0 ) 7 w2 } 

For the e.m.f. *S (Ey) induced in the secondary by the primary 
currents 5 (7 a ) we have 

5 ( E u ) = 5 (Z au ) 5 (la) 4~ *5 (Zbu) S (Tb) 4~ *5* (Z cu ) S (I c ) (31) 

Since S (Z hu ) bears the same relation to S (Z cv ) as 5 (Z av ) 
does to S (Zbw) and S (Z au ) bears the same relation to 5 (Zbw) 
as 5 (Z aW ) does to S (Z cv ) to obtain S (E u ) all that will be neces¬ 
sary will be to interchanged and Z cv in ( 29 ) and change I u0 I u i / w2 
to loo Iai and 7 o2 respectively, this gives 

S (M u ) — S° (Z au o 4“ Zbw 0 4" Z cv 0 ) IaO 

4~ S° (Z au 2 + a 2 Zbw^ I CL Zey 2 ) 7<ji 

4“ S° (Z au i 4" CL Zbwi 4“ a 2 Z cv 1 ) I a2 

4- S 1 (Z au i 4” cl 2 Zbwi + a Z cvl ) I a0 

4“ ‘5 1 (ZauO 4“ CL Zbwo 4“ CL 2 Z cv o) I a i 

4- S 1 (Z a u2 4- Z bW2 4“ Zcv 2 ) -^a2 

+ 5* (Z au2 + a Z bw2 + 

Zcv 2 ) -^a0 

+ 5* (Z aul + Z bwl + Z cvl ) I al 
4“ S 2 (Zauo 4- ZhuiQ “I” Z cv 0 ) I a 2 



( 32 ) 
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and the three symmetrical equations will be 
S° £„ 0 - S° {( Z au0 + ZbWQ + Z cv o) I a 0 


+ (Z a u2 + CL 2 Zbw 2 + & Zbw 2 + Cl Z cv 2 ) / ai 
+ + & Zim + a 2 Z crl )/ a2 } 

S 1 {(Z aa 1 + a 2 Z m + a Zcvl) IaO 




al 


S 2 £ 


u 2 


+ (Z a uQ + & ZbWQ + a 2 Z cv0 ) /al f (33) 

+ (Z aw 2 + + Zc^) /a2} 

5 2 { (Z a u2 + Cl Z bW2 “f“ Cl 2 Z C v 2 ) I"aO 
+ ( Zaul + Zbwi + Z cv l) /al 
+ (Z aw o + Cl 2 ZbWQ + a Z C v 0 ) /a2} 


The same methods may be applied to polyphase systems of any 
number of phases. When the number of phases is not prime the 
system may sometimes be dealt with as a number of polyphase 
systems having mutual inductance between them:—For example, 
a nine-phase system may be treated as three three-phase sys¬ 
tems, a twelve-phase system as three four-phase or four three- 
phase systems. In certain forms of dissymmetry this method is 
of great practical value, and its application will be taken up later. 

For the present part of the paper we shall confine ourselves 
to the three-phase system, and dissymmetries of several dif¬ 
ferent kinds. 

The operators Z au Z aaj etc., must be interpreted in the broadest 
sense. They may be simple complex quantities or they may 

be functions of the differential operator —%- . For if 

at 

i — Z (A n cos n w t + B n sin n w t) 
it may be expressed in the form 


2 (~j Bn & nwi + An Bn £—inwt\ 


I l 
+ 


( 34 ) 


2 1 2 
= real part of / 
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and any linear algebraic operation performed on 1/2 will give 
a result which will be conjugate to that obtained by carrying 
out the same operation on 1/2 and since the true solution is 
the sum of these results, it may also be obtained by taking the 
real part of the result of performing the operation on I. 

Modification of the General Case Met With in Practical 

Networks 

Several symmetrical arrangements of the operator Z au etc. 4 
are frequently met with in practical networks which result in 
a much simpler system of equations than those obtained for 
the general case as in equations (29) to (33). Thus for example 
if all the operators in (26) are equal, all the operators in (27), 
except S° Z au o S° Zbwo and 5° Z cvQ are equal to zero, and these 
three quantities are also equal to one another so that equation 
(30) becomes 

£° A.0 = 5 ° (Zau 0 + Z bm + z„ o) lu 0 

5 1 Eal ~ 0 

C 2 Z7 _ n 

o . JLLa2 — U 

and equation ( 33 ) 

5° E u o = S° (Z 'auO + Zbwo + Z cv o) I a0 
S ] E ul = 0 

5 2 E u 2=0 

This is the statement in symmetrical co-ordinates that a sym¬ 
metrically disposed polyphase transmission line will produce 
no electromagnetic induction in a second similar polyphase 
system so disposed with respect to the first that mutual induc¬ 
tions between all phases of the two are equal except that due to 
single-phase currents passing through the conductors. 

If in (26) the quantities in each group only are equal, equations 
(30) and (33) become 

5° jEaO = ‘S' 0 (.ZauO + Zbwo + Ztvb) luO 

Mai == S 1 (ZauO + 0? ZtbWO 4" & Z C v o) 

S'* £ a2 = ^ (Zau 0 + a Z w + a? Z, v0 ) L ? 
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5° E u0 = S° {Z au o + Zbw o + Z cv o) JoO 1 

5 1 E al = S 1 (Z m0 + a ZtwQ + a 2 Z cr o) Li [ (38) 

= S 1 (Z au0 + a 2 ZjjWQ {" O’ Z cd q) jT 0 2 

Symmetrical Forms of Common Occurrence 

A symmetrical form which is of importance because it is of 
frequent occurrence in practical polyphase networks has the 
terms in group (I) equation ( 26 ) all equal and those in group 

2 7r 

(II) cos —— times those in group (I) and those in group (III) 
4 7 r 

cos —times those in group (I). 

2 7 T 


Since cos 


& "h Ql 2 4 7T 

- = cos —g- we have on substituting 


3 2 

the values of the impedances in this case, 

*5° &ao = ^ { Z aU Q (1 + a + a 2 )} I u o 

5 1 £ a i = S 1 If Z ow0 

5 2 E a2 : 


0 1 


iS 2 1 9 Z au o / u2 


( 39 ) 


S°E U o 


5 ° {Z au o (1 + a + a 2 )} 

5 1 If Z„,o 

5 2 It Z au0 Ia2 


aO 


0 ) 


( 40 ) 


The^elements in group I may be unequal but groups II and 
III may be obtained from group I by multiplying by cos 

3 

J 2 7T . , 

and cos — respectively. 

The members of the three groups will then be related as fol¬ 
lows, the same sequence being used as before, 


(I) 

Zau) Zb v , Z 

(II) 

a+ a 2 r 

2 Z c w, 

(III) 

a + a 2 ^ 

2 


CW 


a a 2 7 a + a 2 ^ 

^awt 7Z Zj 


2 

a + a 2 


bv 


ry & 1 ry 

Z-SCW) 7Z 


au 


( 41 ) 
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Consequently the following relations are true: 

, £0 Zbwo = 5 o Zom0 

CO 7 — ^ CO 7 

kJ cv 0 — 2 ^auO 

7 _ 1 “4” O 2 7 

O Zjbw\ 2 ^ "awl 

5 2 Z lwi = 1 -~- S 2 Z ot2 

Z 1 Z ccl = i±± S i Zaul 
1 “I - ($ 

. Z 2 Z„ 2 = S 2 Z au2 

Substituting these relations in (30) and (33) we have for this 
system of mutual impedances 

Z O u0 4" Zbwo + Z cv o = 0 

Z a uo 4~ o Zbwo 4~ a 2 Z C v o = If Z cv o ► (43) 

ZauO 4~ O? Zbwo "*f“ O Z cv o = lb Z a wo 

* / 

Zaul 4" Zbw\ 4- Zcv l = 1| Zaul 

Zaul 4“ & Zbwi 4“ o? Z cv 1 = lj Zaul y (4:4) 

Zaul 4" O 2 Zbwi 4“ O Z C v 1 = 0 

Z a u 2 4“ Zbw 2 4“ Z cv 2 = lj Z aw 2 

Zau2 4“ O ZbW2 4" O 2 Z CV 2 =0 [ (46) 

Z a u2 4“ O 2 ZbW2 4“ O Z cv 2 — l^r Z fl u2 

which on substitution in (30) and (33) gives 
S° E a o = 0 

E al = 5Ml| Z aMl J w0 + 1§ ZauO lul + 1§ Zau2 Iu2} 

•S' 2 E a2 = 5 s {If Zau2 IuO 4" Z aw l J w 1 4" Z a uO iu2} . 

5° E u o = iS° {1^ Z aw 2 -?al 4“ 1^ Z aw l ^ 02 } 

5 1 E u 1 = 5 1 {1| ZauO 4l + li Zau2 /<x2} 

*S^ *®«2 ~ *S 2 {1^ Zaul lal 4” li ZauO -^ 2 } 





( 47 ) 
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The above symmetrical forms in which the factors cos 
4 7r 

and cos -y- occur apply particularly to electromagnetic induc¬ 
tion between windings distributed over the surfaces of co¬ 
axial cylinders; where if the plane of symmetry of one winding 
be taken as the datum plane, the mutual impedance between 
this winding and any other is a harmonic function of the angle 
between its plane of symmetry and the datum plane. In other 
words, the mutual impedances are functions of position on the 
circumference of a circle and may therefore be expanded by 
Fourier’s theorem in a series of integral harmonics of the angle 
made by the planes of symmetry with the datum plane. Since 
the same procedure applies to all the terms of the expansion 
it is necessary only to consider the simple harmonic case. In 
the partially symmetrical cases of mutual induction, such as 
that taken up in the preceding discussion, there will be a differ¬ 
ence between two possible cases, viz:—Symmetrical primary, 
unsymmetrical secondary, which is the case just considered, and 
unsymmetrical primary and symmetrical secondary in which 
the impedances of (26) will have the following values 


(I) 

z ttu , 

Zbci ^(.w 


> 


(II) 

a + 
2 

o? 7 CL -f" 

2 

&CW > 

CL -f- & 2 ^ 

2 ^au 

’ (48) 

(III) 

a + 
2 

0? y CL 4“ 

^CW) . . 2 

<7,2 

Jz 7 

a + a 2 v 

2 "be ' 



The results may be immediately set down by symmetry from 
equations (46) and (47), but the difference between the two 
cases will be better appreciated by setting down the component 
symmetrical impedances, thus we have 

5° Z im = a ~~- ZauO 1 

Z cva = a -+! 2 5° Z ou0 

S 1 Zbm = i±± 51 Zoul 

C 27 _ l '^' a2 02'7 ^ 

o L h v )2-^ z au2 

<^1 y _ 1 Hh a? ^ ,y, 

O Zscvl — 2- ^ ^cul 

& z cvi = l±± & Za^- . 
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Substituting these relations in the impedances used in (30) 
and (33) they become 


ZauQ 4" Zbwo 4“ Z 


cv 0 


0 


ZauO + Cl ZbwQ 4~ Cl 2 Z 


cv 0 


n z 


auO 


ZauO 4 “ CL 2 ZbWQ 4 “ CL Z C v 0 — Z , 


au 0 


(60) 


Zaul 4“ Zbw l 4" Zcvl = li Z au i 
Zaul 4“ Cl Zbw 1 4“ Cl 2 Zcvl = 0 
Zaul 4" Cl 2 Zbw l + & Z’cvi = lj •Zaul 
Z a ul 4“ Zbw2 4“ ^ct>2 = If Zaul 
Zaul 4” & 4“ Cl 2 Z C vl == li Zaul 

Zaul 4“ Cl 2 Zbwl 4" Cl Z C vl ~ 0 


(61) 


\ 


(62) 


And we have from (30) and (33) , or by symmetry 

S° M a 0 = 5° {If Z a „ 2 lux + 1| Zaul Li] 

S' E a x = 5 1 {1| Z aU Q Lx + If Z au2 /„ 2 } \ (63) 

S* M ai = -S 2 {If Z oul lux + If Z au o 1 u2 

s° M u0 = o 

S l Mux = S 1 {If Zaux la 0 + If ZauO Lx + If Z au2 / u2 } j (64) 

•S' 2 Mui = .S 2 {If Zau 2 laO 4" If Z aa l /„! + If ZauO Ini) 

If the angle between the planes of symmetry of the coils and 

2 7T 4 7 r 

the datum plane are subject to changes, cos — 5 — and cos —g— 
in the preceding discussion must be replaced by 


2 ir . a \ 
cos 1 —— + 6 J 


cos 


4- e" + 4-e-^ 


(a 

(t + *) ‘ T ** + 


a* 


j 8 


( 66 ) 


3 ' / 2 2 

where 6 is measured from the datum plane 

In the strictly symmetrical case of co-axial cylindrical sur¬ 
face windings in which the members of each group of mutual 
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impedances are equal, the result of substituting ( 55 ) in the 
equations for induced e.m.f. will be - 


S°£ a0 

= 0 

> 



S l £al 

S 2 E a o 

= (li I ul ) 

= S 2 (If Zau0 €~ jS f u 2 ) 

J 

► 

(56) 

S°£ u o 

= 0 

\ 

\ 


S'- E ul 
&E u2 

= S 1 (li Zauo e-D> J al ) 

= -S* (1J Z au0 / a2 ) 

4 

> 

(67) 


In the case having symmetrical primary and unsymmetrical 
secondary in which members of each group are different, but 
in which there are harmonic relations between corresponding 
members of the different groups, the impedances are 

(I) Zaui Zbv, Z c w 


(II) 


(j 9 -|_ 


d 2 \ 

~2~ *- jd ) Z™ 

~ jt ) Z au , + 

(III) (-£- t-jj Ziv! 


( - 

\ 2 


n 2 

e jd + 2 € 


a* 


0 ) Z 


'bv 


[ (58) 


l— 

\~2 


& 6 + 




e je + 


~e~A 

2 ) 


' aw 


- The symmetrical component mutual impedances will have the 
following values m terms of Z au0 Z aul Zau2 


S° Z 


bw o 


5 ° Z 


ci>0 


S 1 Z 


bw i 


S 2 Z, 


bw 2 


s 1 Z„! = 


5 s Z 


cv 2 



V 2 


/ a 2 


l 2 

l 

( a 2 


l 2 " 

= ( 

( & e 

K 2 

= ( 

f a 

\ 

V 2 

-( 

' e je 

, 2 


6 jd + 


a 2 \ 

- f-jd \ 

2 e ) 


s°z 


) 


aw 0 


a 


e je 




9 


t je + ~ e ~ je ) S° Z, 


S 1 Z. 


'awO 


awl 


a 


+ —K ~£~ j6 ) S 2 z 


) 


'aw 2 


+ ~ ) Z 1 Z aul 


+ 


a- i 


) 


e~J e ) S 1 Z 


aw 2 


( 59 ) 


J 
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Substituting these relations in the impedances of equations 
(30) and (33) they become 


(60) 


-Za„0 

+ 

Zbwo 

4“ Z C vo 

= 0 




ZauO 

+ 

cl Zbwo 4“ o? 

ZcvO ~ 

- li 
1 2 

ZauO 

• » 

e~~ J 

ZauO 

+ 

Q? Zbwo 4" O' 

Zcv 0 = 

= li 

ZauO 


Zaul 

+ 

ZbWl 

I y 
Zscvl 

= li 


e -je 


Zaul 

+ 

CL Zbwi 4“ O 2 

Zcv 1 ~ 

= li 
X 2 

Zaul 

e' e 

Zaul 

+ 

o?" Zbwi 4” Of 

Z C V1 = 

= 0 



Zaul 

4“ 

Zbw2 

4” Z C v 2 

_ 11 
— 2 

Z a u 2 

e jo 


Zaul 

+ 

ci Zbw 2 4” ol 2. 

Zcv 1 = 

= 0 



Zaul 

+ 

Cl 2 Zbw2 4- CL 

Zcvl - 

= n 

Z a u ( 

E -is 


(61) 


(62) 


which on substitution in (30) and (33) give 


5° 

M a 0 = 

= 0 






y 

' 

S 1 

Z? 

Hal = 

= 6' 1 {I 5 Z OK i 

& B I uO 

+ 

11 
l 2 

ZauO 

e J9 

V 

In 1 




+ ij z ou2 <?* / u2 

} 




1 

• (63) 


E ai = 

= 5 s {l|Z ou2 

e-i* In 0 

+ 

1 1 
±2 

Zaul 

€ x 

9 lux 




+ li Z au0 e-io j u2 { 




J 


5° 

Q *" 

~ ^5° {li Zaul 

€~ j 0 I al 

+ 

11 

x 2 

Zaul 

e je 

vr 

-Ia 2 } 


S 1 

V* 

^ul = 

= 5MU ZauO 

£-j0 Ial 

4" 

11 

J. 2 

ryr 

zjaul 

6 je 

Ial] 

1 (64) 

S 2 

= 

= 5 2 { 1 J Zaul 

e- j$ lax 

+ 

li 

1 3 

ZauO 

e' 6 

■v* 

•Ia 2 } 



In the case of unsymmetrical primary and symmetrical 
secondary, we have for the value of the impedance in terms of 
ZauO Zaul and Z aU 2 

(I) Zany Zfrvf Z c w 


(II) 

(“§■ *" + 
(III) (-|- 
/ a 2 

V 2 


a 


e je +~e-i»)Z bc , 




as 


-je 


eio + 


) 


a 


a 


f C w, 


gjB 


2 
Z c w , 


a 4 


e~ J6 \ 


*au 


£ Je + 


a 


’'^Zau, (A 


2 

2 


€? 6 + 




‘be 


( 66 ) 
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The symmetrical component mutual impedances in terms of 
ZauO) Z a uit 2 / a u 2 are 


S° Z 


two 


s° z, 


CVO 


S L z 


iw l 


s*z, 


bW2 


S 2 z 


cv2 



[ a 

- 1 

\ 2 

= { 

( a 2 

1 

V 2 

— i 

ft? 9 

- 1 

1 2 

_ / 

f a 2 

1 

( 2 

_ ( 

' e e 

- \ 

K 2 

= / 

f a 


tie + 


a‘ 


e je + 


2 

a 


6 -^) S°Z. 


auO 


’) 


e ~-> 6 ) S° Z, 


auO 


+ 


gj 6 




f‘-") 

) 

’) 




S 2 z 


au 2 


e~ ja ) S'Z aul 


t je + V-') S 2 


And the impedances of equations (30) and (33) become 

L '' 

Z a uO “f* Zbwo + Z cv 0 = 0 
ZauO H” CL Zbwo + a 2 Z ct ,o = If Z a uO £~~ jd 

Zauo + a 2 Zbwo + a Z cv0 = If Z aw0 € je 
» 

*^aul + Z&wi + Z C „1 = If Z au i e jG 
Zaul + CL Zbw i + CL 2 Z c1 ,i = 0 
-^aul + a? Zbwl + CL Z cv 1 = If Z au i €“■** 

Zau 2 + Zbw 2 + Z cv2 = 1 f Z aw2 €~ J ‘ 9 
Zau 2 + a Z6 w2 + Cl 2 Z cv2 = If Z aw2 
Zou2 + & 2 Z&u? + CL Z C v 2 = 0 


( 66 ) 


(67) 


( 68 ) 


(69) 


And on substitution in (30) and (33), or by symmetry from 
(63) and (64), we have 

S° 2?a0 “ 5° {1§ Z au 2 € J0 lui + If Zaul €“•** Jui) 

S 1 M ai = S 1 {1§ Z au0 e* I ul + If Z aU 2 e-j* lui) j- (70) 

S 1 &ai = S 2 { 1 § Zau 1 f? e Tul + I 5 Zau 0 C** 6 T u 2 
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5 ° £„„ = 0 

•S 1 E nl = S 1 {1| Zaui e~ j> Lo + 1* Z oa0 e-J* I ul 

+ H Z au2 e-l* la*}-, 1, (71) 

S*£ u2 = S* { 1J Z au2 € je lao + 1§ Z»i e#» Li 
+ 1 J Z au0 /<*} 

A fuller discussion of self and mutual impedances of co-axial 
cylindrical windings will be found in the Appendix, i.It will be 
sufficient to note here that in the case of self inductance and 
mutual inductance of stationary windings symmetrically dis¬ 
posed if they are equal 

2 n 7r N 


Mdb — -Mftc 

L t 




ca 


( 


I ( A n COS 


(72) 


*aa 


■ L cc —“ 1S/L dd . ~~~ Mac £ A. ft 

If the windings are symmetrically disposed but have different 
number of turns 

•I-'aa :=:: -M-aa = ^ ^4 n 


'bb 


^ ff 71 


L cc • ilfi 


cc 


2 C 


n 


(73) 


AT al = I 


J ( V.B n C, 


Af. 


ca 


W VCn^in 


cos 


cos 


cos 


2 nir 


2 n it 


2 mv 


) 

) 


(74) 


li the coils are alike but unsymmetrically spaced L aa L/bb have 

& • . 

the same values, namely I A n and 


M a t = 2 I (A„ cos n B\) cos 


M, 


be 


M, 


ca 


\(A n 




cos n 62) cos 


2 mr 

+ (A n sin ^ 0 i) sin 

2 UTT - ,-.i; 


n 


cos W 63) cos 


* 2 71 

+ (An sin w u 2} sm —| 
2 w 7T 7 - ■ * 


m 


, , . . a v - .2# 

-f C 4 » sin « 0 3 ) sm —5- 


7T 1 


(76) 
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If they are unequal as well as unsymmetrically disposed but 
otherwise similar L aa L hb L cc have values as in (64) and 


Mob - 2 j (\/A n B n cos n 0j) cos ~ T - 

3 


are 


. 2 n 7 r 


+ (V A n B n sin n flj) sin 

o 

M bc = I \ (^/B n c n cos w 0,) cos —— 

3 

+ (V-Bn C„ sin w 0 2 ) sin — — l 

3 i 

^ = i’ | (VCXTcos n 0,) COS ^ 

3 

+ {VC n A n sin n 6 Z ) 


(76) 


I 

J 


# 

u 


Rotation 

<§> 


Where the windings are dissimilar in every respect the expres¬ 
sions become more complicated. A short outline of this subject 
is given m the Appendix. J 

In the case of mutual inductance between two coaxial cylindri- 
cal systems one of which A, B, C is the primary and the other 

> t, W the secondary, the following 
conventions should be followed: « 

(a) All angles are measured, taking 
the primary planes of symmetry as data 
in a positive direction. 

(b) The datum plane for all windings 
is the plane of symmetry of the primary 
A phase. 

(c) All mechanical motions unless 

otherwise stated shall be considered as Fig. 3—Conventional 
positive rotations of the secondary Disposition of Phases 
cylinder about its axis. and Direction of Ro~ 

(d) The conventional disposition of TATION * 

the phases and the direction of rotation of the secondary wind¬ 
ing are indicated in Fig. 3. ■ 

We shall consider five cases; Case 1 being the completely sym¬ 
metrical case and the rest being symmetrical in one winding, the 
other winding being asymmetrical in magnitude and phase, or 

coils ’ U a Wmdmgs havm 2 the sam e form and distribution of 


,V 


W 
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Case I. All Windings Symmetrical. 
M an = Mbv = M cw — 2 A n cos n 6 


M bw = M. 


cu 


M. 


av 


1 A n cos n 


(¥ + °) 


M. 


cv 


M, 


aw 


3 

Mbu = Z A n cos n + 0^ 


(77) 


Case II. Primary Windings equal and Symmetrical , Secondary 
Windings unequal but otherwise Symmetrical. 

Man = Z An COS % 0, M hv — Z B n COS U 6, 

M C w = 2 C u cos n 6 

M iw = 2 C„ cos n (~ + o), 


M cu — 1 A n cos n 


'2 7 r 


+ o'jj 


M, 


av 


Z B n cos n ( 
M cv = 1 B n cos n 


M a w — Z C n cos n 


\ 


Mi 


bu 


Z A n cos n 


(t + 

(t + ») 


(78) 


Case III. Primary Windings Unequal but Otherwise Symmetri¬ 
cal y Secondary Winding Equal and Symmetrical. 

M au =2 A n cos n 6,Mbv = 2 B n cos n 9 , Mcw — 'L C n cos nd 

2 7r 


Mbw — 2 B n cos n 


Mi 


2 C n cos n 


3-+ 9 )' 

(■¥ + ») 
M av = 2 «4 n cos w ("3 ^ 0 ) 

. (t +«)• 

»(A? + «), 


Mcv = 2 C„ cos 


= 2 ^ cos 


= 2 B n cos n 


3 

(^f + e ) 


( 79 ) 
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Case IV. Same as Case II except in addition to inequality 
Secondary Windings are Displaced from Symmetry by angles a x 
a* and az whose sum is zero. 


Man = S (A n cos ai cos n 9 + A n sin ax sin n 9) 
M hv = S (B n cos a 2 cos n 9 + B n sin a 2 sin n 9) 




cw 


2 ( C n cos <23 cos n 6 + C„ sin a 3 sin n 6) 

Mb W = 2 | C n cos a 3 cos n if f + 0^ 

2 7T 


M 


cu 


M, 


av 


+ C n sin sin 


S { A n cos ai cos n 


+ A n sin ai sin n 


2 < cos a 2 cos n 


(¥ + »)■ 

+ 0 ) 

p + 0) 


(t.+ 

(t + ») 




+ sin a 2 sin w 

4 7T 


cv 


2 i B n cos a 2 cos n 


(¥+») 


+ B n sin a 2 sin n + 9^ 


M aw — 2 ^ C n cos a 3 cos n 


( 


4 7T 


0 


) 


Mi 


+ C n sin az sin n + 9^ 

4 7r . 


bu 


2 i A n cos a i cos 




+ A n sin ai sin w 


(• 

( 


) 

) 


} ( 80 ) 


Case V. Same as Case III except that the Primary Windings 
are Unsymmetrically disposed with respect to one another as well as 
being unequal . 
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au 


M, 

Mtv 

M. 


c w 


2 / (A n cos <Xi cos n 9 -f* A n sin oti sin n 9 ) 
2 (B n cos ql 2 cos n 6 + B n sin a 2 sin n 9) 
S (C n cos a 3 cds n 9 + C n sin a 3 sin n 9) 

•M-bw ~ 


M, 


cu 


= 2 | i? n cos a 2 cos n ^ + 0^ 
+ sin a 2 sin w j 

= 2 | ^4 n cos ai cos n + 0^ 


+ A n sin ai sin 


n 


( 




3 

2 7T 

T~ 

2 7T 


+ 9 


)} 


M, 


cv 


= S | c n cos a 3 cos n + &) 

+ C u sin a 3 sin n (—^~ + d\ | 
= s | Cn cos a 3 cos n (^r + #) 


+ C n sin a\, sin ra 


( 


4 7T 


+ ^ 


)} 


M a 


w 


2 ^ A n COS OL\ COS YL —. 0^ 

4 7r . 


f ( 81 ) 


+ ^4 n sin ai sin 



M bu = 2 


( 

.(t + •) 

+ -B„ sin a, sin n (~ + d\ } 


{ B n 


cos a 2 cos n 


The expressions for dissymmetry in both windings and for un- 

symmetrically wound coils, etc., are more complicated and will be 
dealt with in the Appendix. 

The impedances Z aa Zw, etc., Z au Zi v , etc., are functions of 
M a a etc., M au Mbv, etc., and the resistances of the system. 
The component of e. m. f. proportional to the current due to 
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mutual impedance is so small that it may generally be neglected 

d d 

so that Z au becomes -~jj M au , Zb V = — M^ v and so forth. 

If the secondary winding is rotating at an angular velocity 
a, 6 in equation (55) becomes a t and the operators Z aa) etc. 
operate on such products as e jat I ul e jat I u2 where I u \ and 
Iu 2 are the variables. 

The following relations will be found useful in the application 
of the method in actual examples. 

If D denotes the operator —j— and ip (Z) is a rational algebraic 
function of Z x 

tf ( D ) e ax = tp (a) e ax 

<p (. D) {e ax X } = e ax p (D + a) X 

<P (D) Y = e ax p (D + a) Y e~ ax 

Where X and Y may be any function of x. 

Star and Delta e.m.fs. and Currents in Terms of Symmetrical 

Components 

It has been^ shown in the preceding portion of this paper that 
the e. m. fs. E a E & and E c and the currents I a and I c whatever 
their distortion, may be represented by the sum of symmetrical 
systems of e. m. fs. or currents so that the two expressions 

5 (E a ) = 5 ° E a0 + S 1 E al + £ 2 E a2 ) 

s (la) = 5> + 5* I al + 52 7 o2 j (83) 

completely define these two systems. 

If we take the delta e. m. fs. and currents corresponding to 
5° E a o, 5 1 E al and 5 2 E a2 , 5 1 I ah 5 2 I ai , we have, since E bcl leads E al 

t’y 2 an< ^ ^ bc2 ^ a S s behind E a2 by the same angle 
5° Eu* = 0 

5 1 E b ci = j VS 5 1 E a i 

5 2 E ic2 = - j VS 5 2 E a2 

•S 0 Ibco = indeterminate from S ( I a ) 

S'l-a- iVi S ' U 

5 2 hci = -j ~ 5 2 Li 
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And therefore if we take E ab as the principal vector 
S° MabO = 0 


'db2 


5 1 E oi! = j as 1 V3 E al 

5 2 E ai2 - -j a 2 s 2 V3" E ai 

S (E ai ) = S l M abl + 5 2 E 

The last equation of group (85) when expanded 

Eat = j V3 (a E al - a 2 E a2 ) 

E bc = j V3 (E al - g a2 ) 

&ca = j V3 (a 2 £ al — £ o2 ) 


( 86 ) 


gives 


( 86 ) 


relations 217 alS ° b<5 ° btained direct from ( 83 ) by means of the 


E 


Similarly 


a* = £„ - Ea 


E b<! = E c ~ E b 
E ca = E a — E, 


S° I ab = indeterminate from S (l) 


S 1 I, 


oii= j a 


V3 


I, 


a 1 


S 2 l 


ab 2 = J Cl* 


Vs 


a2 


S (lb) = SO I ab0 + I ahl + 52 J ab2 


(87) 


with similar expression for I ab I bc and I. a which may be verified 
by means of the relations 


l = la -U + l 


a 0 


l 


lb - la + l 


a 0 


l = lc - la + lo 


Conversely to (84) we have the following relations 
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S° Eat, = indeterminate from 5 (& a b) 

5 1 Eal = - j~ 5 1 E ic i = -j —r- 5 1 E ail 

S>£a2 = j~ S 2 E bc 2 = j -JL- S 2 E ai2 

5° 4o = indeterminate from 5 (Lb) 

s 1 Li = -jV 3 5> 4,1 = - j a 2 vw S' Lb, 

5 2 Li = j V3S 2 he = j a V3S 2 Ln 


( 88 ) 


It will be sufficient in order to illustrate the application of 
the principle of symmetrical coordinates to simple circuits to 
apply it to a few simple cases of transformer connections before 
proceeding to its application to rotating polyphase systems to 
which it is particularly adapted. ' 


Unsymmetrical Bank of Delta-Delta Transformers 
Operating on a Symmetrical Circuit Supplying a 

Balanced System 

Let the transformer effective impedances be Z AB Z BC Z CA and 
let the secondary load currents be L, L and / w and let 
the star load impedance be Z. One to one ratio of trans¬ 
formation will be assumed, and the effect of the magnetizing 
current will be neglected. The symmetrical equations are 


0 — 5° (Z AB0 Lm, + Z ab2 Lti + Z AB1 Lbi) 

S 1 E uv i = 5 1 Eau — S 1 (Z AB1 Lbo + Z AB0 Lb, + Z AB 2 Lbi) 

s 2 e uv2 = o — s 2 (z ab2 Lm + z AB i i ab i + z AB0 Lbi) 

so Lb = o 


( 89 ) 


S 1 2 hi 

s 2 z Li 


= Eal 

= E u2 



Since the transformation ratio is unity and the effects of 
magnetizing currents are negligible S 1 Lbi = S 1 J Dvl) ^ Lbi 

S 2 Ivyi-' And therefore by means of the relations ( 85 ), the last 
two equations may be expressed 
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S 1 E uvl = S 1 3 Z 

■S* £uvi = S* 3 Zl M 

in other words, the symmetrical components appear in the 
secondary as independent systems, 3 Z being the delta load im¬ 
pedance equivalent to the star impedance Z. 

Substituting from (90) in the second and third equation and 
eliminating / a &o by means of the first equation, and we have 



•S 1 £*i = & { ( 3 Z + Zxbo - 

^0 = 5^ { ( ~ -§~ ) /*! 

+ ( 3 Z + - - % - - Zab2 ) ) 

' ^ABO / J 


(91) 


which, when S l and S 2 are removed, give two simultaneous equa¬ 
tions in I ai i and I ab2 . 

A modification of the problem may occur even when the load 
impedances are symmetrical, as they may have symmetrical 
but unequal impedances Z\ and Z 2 , to the two components 
J D i and / u2 respectively, as in the case of a load consisting of a 
symmetrical rotating machine. The equations corresponding 

to (89), (90) and (91) then become 


0 = 5° (Z AB0 /o6o + Ab2 labl Z AB x Idbij 

= S 1 £abl S 1 (Z ABl /ojo + Z ab0 I ah i -f- Z AB 2 Iab'l) 
“S 2 E-uv2 = 0 — S* (Z AB 2 / a 60 + Z ABl / a61 -f- Z^o / a 4a) 

s°I u0 = o 

S l Zx 4x = JE ul 


s*z*l 


2 


£ 


u 2 


S 1 Jg.,x = 5 1 3 Zx /*x 
Z 2 £ uvi = 5 s 3Z 2 / oM 


(92) 


( 93 ) 
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S L E. 


abl 


S 1 


( 


( + Z AB o 

2\b. 


Z AB 1 Za B 2 


z 


abO 


) 


I abl “f“ 


) 


S>0 = S 2 


'AB2 


{( 


I. 


at 2 


'ABO 


} (94) 


Z Z 2 AB1 \ f , 
ABl 7? I J-abl-T 


r ABO 


3 Z 2 + Z ab0 


'ABl ^>AB2 

Z ab o 


) 


L 


ab 2 


W 



Fig. 4 Open Delta or V Connection. 


In an open delta system Z ABl = = ZT ab0 - Z AB the trans¬ 

formers m this case being both the same. Equation (91) becomes 
in this particular case where Z AB o is infinite 


S 1 &ati = S 1 {(3 Z + 2 Z AB ) I ab + Z AB Tam } 
$*0 = S 2 {Zab/ o61 + (3 Z + 2 Z AB ) / a&2 } 

and we have 


/a&0 = I abl — 7 a &2 

Similarly, instead of ( 94 ) we have 


S 1 -Soil - 5 {(3 Zi + 2 Zab) I abl + Z AB / ai2 } 
~ S 2 {Zab lab! + (3 Z 2 + 2 Zab) T a62 } 


(96) 



f (97) 


thiIktte e r CO case ary 0btained fr ° m (90) and ( 93 ) for 
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The solution of (95) gives 


I, 


ab\ 


3 Zi + 2 Z 


AB 


Iab2 =: 


(3 Zi + 3 Z AB ) (3 Zi + Z AB ) 

ZaB 


E, 


ab 


FabO ~ 


(3 Zx + 3 Z AB ) (3 Zi + Z AB ) 
1 


V 

E, 


ab 


3 Zi + 3 Z 


& 


ab 


AB 


And we have 


S 1 J al = S 1 


3 Z, + 2 Z 


AB 


3 (Zi + 2J (z x + -§^) 


V 


S 2 J o2 = 5 2 


'AB 


3 (Zx + Z AB ) lz 1 + -^-) 


v-' 

E, 


V 

J 

i a 


And therefore 
E a 


Zx + 


I 7 

| _ 3 ^AB 

- (Zx + Z AB ) (z, + 


z 


AB 


-rE ab 


V 

lb 


Ei 


1 7 
3 Z-'AB 


Zx + 


'AB 


(Z, + Z., ( Z, + 


ab 


I, 




7 , 4_ 

/y ^ r 


'AB . 


(98) 


} 09) 


( 100 ) 


Three-Phase System with Symmetrical Waves Having Harmonics 
We may express £ a in the following form: 


E a = Ei e jwt + E 2 & 2wt + E-i e i3wt + 


= s E n e nwl 


\ ( 101 ) 


where E n is in general a complex number. 

If the system is symmetrical three-phase E b is obtained by 

displacing the complete wave by the angle — or 
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& 


E, 


• — — . 4 T . 6 7T 

3 --Ei e** + e 'Te* ^ 2w ‘ + e ' 3 £ 3 + 


. 2 


. 4 s* 


.6 


7T 


e " 3 -Ei fP wl + e 3 3 E, e j2wt e 3 E 3 ei *™ 1 + . . 


— J 


or since e 


2 V . 2 7T 

3 2 J ~ 

= a 2 , e 


a etc. 


&a 

& 

S e 

or 


Ei e>‘ + Et e> 2 ™‘ + E z e? Zwt + . 

a 2 E x ei ™ 1 + a Ei ei 2 ™ 1 + E 3 e ? 3wl + 
a Ex e jwt + a- £, ei 2wt + E 3 e jZwl + 


( 102 ) 


S(E a ) =S>{E 3 ei ? -™‘ + E i ei z ™ t + E B ei 2 ™‘+ . . . } ) 

+ S 1 {Ex ei™‘ + Ei ei iwt + E 7 e? lwt +...}} (103) 
+ S'- {Ei e j2 ™‘ + E s e J5wi _j_ _g s e j8wt _|_ . . } 

5 (E a ) = 5 ° 2 (E Zn ei 3 ™ 1 ) + S 1 2 (£ 3n _ 2 ei&n-W ) + 

•S* S (-E 3n _! g/(3»-i)w() (104) 

This shows that a symmetrical three-phase system having 

hZr" 15 f madS U ? ° f positive and negative phase sequence 
. . “ C s y stem s and others of zero phase-sequence, that is to 

A- SEme phaSe m a11 windin S s > 'which comprise the group 

Th f• ^ not generally appreciated 

the irfo™ f may have “ appreciable influence in 

conunercial machines. It should be partiou- 

tin fif + u , that m i-hree-phase generators provided with dampers 
the fifth, eleventh, seventeenth anti ■ 

produce P„n-»ntc • pi. , ’ a twen ty-third harmonics 

P T currents m the damper windings. 

use forThlUnft T + T mpl6X Varfable xt wiU convenient to 
monicT r00t mean S ^ are for each har- 

of the" comoSr ? a TT 7 alueS are re< 3 uire d, the_real part 
remainH ^ ■ nable should be multiplied by V2 In the 

remainder of this paper this convention will be adopted. 

Power Representation in Symmetrical Co-ordinates 

mce the power in an alternating-current svdtAm ; c oi u 
monically varying scalar „,«««+ m yStem 1S also a har- 

sented inV^ ' " quantity, it may therefore be repre- 

sented m the same manner as the cmren, or electtomoti^e force, 
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that is to say by a complex variable which we shall denote by 
(P J Q) 4" (-Ph 4" jQ h ), P 4 j Q being the mean value, is 
the term of the complex variable of zero frequency, P represent¬ 
ing the real power and Q the wattless power, VP 2 + Q 2 will be the 
volt-amperes. 

The value of the complex variable (P + j Q) + (P H + j Q B ) 
may be taken as 

• (P 4 j Q) + (P H 4 j Qh) = M 1 4 M 1 (105) 

with the provision that for all terms having negative indices the 
conjugate terms must be substituted, these terms being present 
in the product E I 4 E /, which is the conjugate of the product 

(105). A similar rule holds good for the symmetrical vector 
system 

S ( E a ) = 5° EaO 4 S 1 Eal 4 . . . 45 M_1 Ea(n-1) 

S (I a ) = S> l a 0 4 S' l a l 4 . . . 4-S»-l 

The conjugate of 5 l s is 

5(4)-5»4o4 5<-«/.i 4 • - . 4S 1 /„c„-i) (107) 

and the power is represented by 

(P 4 Pt) 4 j (Q 4 Qi) = 2 {5 (E a ) S (l a ) 4 5 (E a ) S (I a )} (108) 

with the same provision for terms having negative indices. The 

sign 2 signifies that all the products in each sequence are added 
together. 

2 {S (la) S (Ea)} =2 5° {l a0 £a 0 4 lal Mai 

+ la(n-l) E a (n— 1) } 

+ 2S 1 UaO Eal + lal E a2 + / a2 E aZ + 

+ ^a(«~l) £00} . 

+ 2 5 2 {Ia0 Eal + hi E a * + l a2 £* + 

+ la(n- 1) Eal) 

* * • • *■ • * 

4 2 S (n -V { l a o M a („-. J)4 lal EaO 4 

4 lain- 1) M,in- 2)} 



J ( 106 ) 




28 
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+ 4(n-l) £a(n-l)} (110) 

In a similar manner it may be shown that 

2 5 {Ia) S (Ma) =n{f *° &<~» + £ a(B _ 2) + . . . 
and therefore +-Ia(»-i) Au} (111) 

^ + ) = n (f a0 £ o0 + Z al p al _j_ _ 

I T v 

I -la(n~l) -Eo(«— 1)} 


+ «{/<.« £.0 + J aI + 


• +!<■(«-D-Soi} 


( 112 ) 


For a three-phase system the expression reduces to 

U’+i® +(P, + yft) -3 

+ 3 (J o0 J a0 I al E ai -ff J o2 ,g al ) 


(113) 


In the above expression P + P H i s the value of the instantan 
ecus power on the system, P being the mean value and P thc 
harmonic portion. When the currents are simpl sine^ tavL 0 

oXr^Tl to b :», the mean «“-p 

rotati-no- ™ n- the wattless v °h-amperes of each circuit. In 

mav b5 Chlner ^ smce the coefficients of mutual induction 
ay be complex harmonic functions of the angular velocitv 

!s is not strictly true for all cases; but if the effective impedances 

Si TbsZZ lT™", ° f the co ” ,p “ ^ 

thesSlSvS XT *°. the mean wattless volt-amperes of 
e system with each harmonic considered independent 

The Q r bo s b “° me “ ro - 

«S“ d a, of *r 

Whe„ caused by uubalauced e. m. fs. A system of cu“eu ( 
means' S' tranS^ bC tr i ailsfornied to balanced polyphase by 

zero whL f T lerS f ne ’ P rovided that the value of P H l 

supplied from 11 a 6 l hand polyphase P° wer cannot be 

pplied from a pulsating power system without means for 
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supplying the necessary storage to make a continuous flow of 
energy. 

PART II 

Application of the Method to Rotating Polyphase Networks 

The methods of determining the constants Z a Z w , M, etc., of 
co-axial cylindrical networks is taken up in Appendix I of this 
Paper.. It will be assumed that the reader has familiarized him¬ 
self with these quantities and understands their significance. 
We shall first consider the case of symmetrically wound machines 

taking up the simple cases first and proceeding to more complex 
ones. 

Symmetrically Wound Induction Motor Operating on 

Unsymmetrical Polyphase Circuit 

Denoting the pole-pitch angle by tt let the synchronous angular 
velocity be coo and let the angular slip velocity be oil. And let 
Z 1 E a i S 2 E a 2 be the symmetrical components of impressed poly¬ 
phase e. m. f. Let R a be the primary resistance and R u the 
secondary resistance. The primary self-inductance being M aa , 
that of the secondary being M uu and corresponding symbols 
being used to denote the mutual inductances between the dif¬ 
ferent pairs of windings. Then by means of (39), (40), (66) and 
(67) 

51 £ al =51 { R a l al + 1§ Maa 4 - la 1 

v a t 

+ If Mau I A 

S 2, -^02 = 5 2 | R a Ial + If Maa 1a2 

+ If Mau -A. } 

5 1 Sul = 0 = Si { R u I U1 + If Muu — lux 

+ If Man -jj-e-R™-™*l al \ 

Eul = 0 = S 2 f Ru lui + 1| Muu ~ 1 »2 

v at 

j * 

+ If Mau -JJ e’ <•* - »«)' l ai | 
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denote If M aa by L a and If M uu by L U} 1J M au by M, the equa¬ 
tions (1) become 

E al = {(R a + L a -L\ i al 

+ M -jj eiCm-m)! j ul i 
S*£ a2 = S* { + L a -L )/ a2 

+ M -A— f 

at 

Sl £ ul = 0 = & [ ( 'r u + L u AAj i ul 

+ M e~ j & J al | 

o«s* 

+ M —— 6? («00-Wj)< f 1 
J/ J “ ! / 

From the last two equations we have 



f 

Ml 


M 


dt 


Ru + L u 


d 


g-j (w a -wi ); j 


a 1 


(116) 


dt 




M 


d 


US 


dt 


Ru + z, u 


—— gj (wo-aii)i f 


(117) 


d t 


Substituting these in the first two 


equations of (116) we obtain 


5' Mai = & 

(Re + L a - 

M* 

did 


dt \ dt 

+ Lu j — f- 

( d t 


-jL' ) 

dt ) 


j(w 0 —wi) | 


1 (H8) 
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E a , = 5 2 


M 2 


( 


i^a + L a 


d 


d t 


d 


d t 


JY + O' Wo—Wi) i 


Ru + Lu 


d 


dt 


j (w 0 — Wi) 1 


/a2 (119) 


If £.1 

will be 


Eai & wt and E ai = E o2 e Swl the solution for I a \ and I ti 


f 

fl 1 


E 


ol 




I, 


£ 


o2 


o2 


( 120 ) 


( 121 ) 


Where 


Zl = * + ■ * L * + 1?tSt (*. - J * L u ) (122) 

%2 = R a + j Wo L a + 

Wo (2 Wo — Wi) M 2 

HJ. + (2 - «,,)*LJ {R “~ j (2 w °- ( 123 > 

The impedances Zx and Z 2 will be found more convenient to use 
in the form 

Zx = (22. + KS 22.) + j wo (La - Kt L u ) + Wl Kf R u 

Wi 

(124) 


%2 - (Ra + K 2 2 Ru) + j Wo (L a - K 2 2 L u ) -——— K 2 2 R« 

Z Wo - wi 

( 126 ) 

Where, as we will see later, Kx 1 and K 2 2 are the squares of the 
transformation ratios between primary and secondary currents 
of positive and negative phase sequence. 

The last real term in each expression is the virtual resistance 
due to mechanical rotation and when combined with the mean 
square current represents mechanical work performed, the posi¬ 
tive sign representing work performed and the negative sign 
work required. 

Thus, for example, to enable the currents S 2 J a2 to flow, the 


mechanical work 3 I a2 2 ■■ 0 ^ 0 - Ki 2 R u must be applied to 

& Wo ~ Wl ■ * - - 

the shaft of the motor, 
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The phase angles of the symmetrical systems S 1 I a \ S 2 J a2 
with respect to their impressed e. m. f., S 1 E a i and S 2 are 
given by these impedances so that the complete solution of the 
primary circuit is thus obtained. 

The secondary currents are given by equations (116) and (117) 
and are 

^ 7 JM[ 

- - I CTJICl, r » e '" - * (12«) 


f _ j (2 Wo — wi) M 

l U 2 ' ^ :—rrr-:—■ 


I a 2 e j ( - 2u '° ~ Wl 


+j{2w 0 -w i )L u ^ = ** 2 1«2 

(127) 

In the results just given, M is not the maximum value of 
mutual inductance between a pair of primary and secondary 
windings but is equal to the total mutual inductance due to a 
current passing through the two coils W and V through the coil 

A U 




^ the Sketch Fig 5 and the winding “A” when A 
d 5 h T their . Planes of s T mme try coincident. 

independent 6 are sy “ metrical the induced e. m. f. is 

ndependent of the division of current between W and V but 

t not be used in m rical 
^ith star windings havi-no- a ^^-, 4 - i * , 

fao is not zero. * P ° mt COnnection 30 that 

The appearance of M in this equation follows from the equa- 

so that Ti + /» + J w _ 0 

lu = — (I v + J w ) 


\ ~ t — UJ J 

The power delivered by the motor is 

' Wo — Wi __ . , 

~ =^1 Ial 2 R y - 


Wq — <Wi 

2 Wq — *W\ Ru 
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The copper losses are given by 

Pl = 3 {J B1 * (2? P + K x * R u ) + J a2 2 (2?„ + KJ R u )} (129) 

The iron loss is independent of the copper loss and power out¬ 
put. The iron loss and windage may be taken as 

y P F = Iron loss and windage (130) 

The power input as 

P i = P 0 + P L + P F (131) 

The mechanical power output is P 0 less friction and windage 
losses. 

Torque = 3 { ~ KS I al 2 R u - — 1 K 2 2 I a2 2 R u l 

X 10 7 dyne-cm. (132) 

The kv-a. at the terminals is 

VPi t + Qi = The effective value of 3 (E al I al + £ o2 I a2 ) (133) 

This last result may be arrived at in the following way 

5 (jg.) = S 1 E al + S 2 E a2 ) 

S (/„) = S 2 ! al + / a2 

Since S 2 ! a i is conjugate to S ^ Iaij etc. 

The product of jg„ and is the power product of the two 
vectors, 5 (E a ) and 5 (/„) and omits the harmonic variation as a 
double frequency quantity, the average wattless appears as an 
imaginary non-harmonic quantity. 

Pi H~ j Ql = 2 ( S° Eal Ini T S® Eal tall S 1 E a2 !al 

+ 5 s E a 1 / a2 ) (135) 

The 5 1 and S 2 products have zero values, since the sum of the 
terms of each sequence is zero, hence— 

P > 1 + j Ql = 3 (Eal ial + Eat ial) (136) 

y/Pi> + (V = The effective value of 3 (JS a i I a i + E a t l a i) (137) 

The solution for the general case of symmetrical motor opera¬ 
ting on an unsymmetrical circuit is not of as much interest as 


(134) 
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certain special cases depending thereon. Some of the most im- 
portant of these will be taken up in the following paragraphs. ' 

■three-phase ZZr pUs * « 

Assuming the single-phase voltage to be E bc impressed across 
the terminals B C. The known data or constraints are 


and therefore 


= i V3 (M al - E ai ) 

L = o, h = - h 

hi = -hi 


E. 


al 


E, 


Zi 


at 


(138) 


(139) 


&at -- 

Substituting in (138) 

P _ _ • S,bc 


Zt 


E 


al 


E, 


o2 


and therefore 


l 


al 


i 


o2 


Since L 


. R 


J 


be 


. E 


J 


be 


Z\ 


V3 Z\ -J- Zi 


V3 Z i -f- Z', 


V3 Z\ -(- Z% 

• E bc 1 

V3 Z\ -f- Z<i 


b - In + I l2 = a 2 hi + a hi 


(140) 


(141) 


(142) 


h = - L 


E 


be 


Zi + z. 


Po 


( 


wp ■— Wi 
Wi 


Pi ~f~ j Qi — h 2 (Zi + z 2 ) + p r 

The power factor is obtained from (146) by the formula 

P w 

cos a = —— 1 

vPi ! + Qi 2 


(143) 


Kf R - ~ *■’ *)« ««) 


(146) 


( 146 ) 



1918] FORTES CUE: SYMMETRICAL CO-ORDINATES 1071 


Substituting from (142) in equation (126) and (127) of the 
general case we obtain for the secondary currents 


L i = - j K, ~ ~~ ^ 

Zj 1 “T ^2 

L 2 = j it 2 -w ^ 

Zi -j- Z2 


(147) 


Many unsymmetrical cases may be expressed in terms of the 
operation of coupled symmetrical motors operating on symmetri¬ 
cal systems. This is invariably the case with symmetrical poly¬ 
phase motors operating on single-phase circuits. Since the 
physical interpretations are useful in impressing the facts on 
ones memory they will be given whenever they appear to be 
useful. 

Equations (141) and (142) show that single-phase operation is 
exactly equivalent to operating two duplicate motors in series 
with a symmetrical polyphase e. m. f. S 1 E ah impressed across one 
motor, the other being connected in series with the first but with 
phase sequence reversed, the two motors being directly coupled. 

Case II. B and C connected together e. m.f. impressed across 
A B, 

The data given by the conditions of constraint are 


Eab = 


- & 


ca 


n 


be 


o = j V3 {Mai - E ai ) 




(148) 


We therefore have 

Ejq 2 


Ecb 


(149) 


and 


R 


a 1 


/„2 


<ab 


3 

Mat 
3 Zo 


(150) 


The remainder follows from the general solution and need not 
be repeated here. 

(150) shows that a motor operated in this manner is the exact 
e< l u -^ va l en ^ i* 1 a ll respects to two duplicate mechanically coupled 
polyphase motors, one of which has sequence reversed, operating 

E ab 


in parallel on a balanced three-phase circuit of e. m. f. S 1 


-n/3 
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The secondary currents follow from substitution of (160) 
in equations (126) and (127) of the general case. 

Case III. B and C connected together by the terminals of a 
balance coil, the impressed e. m. f. E AD applied between A and the 

middle point of the balance coil. Resistance and reactance of 
balance coil negligible. 

The data furnished by the connection in this case is 


/» = /,= 


/ 


and therefore 


l 


la- a 


I(X 


a 1 


la 


ol 


I 

J-a 


1 i2 — lal 


V" 

la 


We therefore have 




Z X Ia 


we have 


E. 


a 2 


Z 2 fa 


E. 


ad 


Eab = j V 3 (a E al - a 2 £ a2 ) 

= i V3 ( a Zl - Z 2 ) 

=iVll (Zl - z 2 ) 

(■S* + 4r) 


= jV ~ 3 ~J~ + 2 ) 


f (Zi -f- Z 2 ) 


(<* 2 + i) Z 2 } 


and therefore, 


I 

-L a 


n 


E 


ad 


Z\ -f- Z’, 


(161) 


(162) 


f (153) 


(164) 
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P„ _ 3 


Wo — W 1 rs 2 




Wo — w i 


w i ' 2 wo — Wi 

Pi + 3 Qi = I 4 2 (Zi + Z 2 ) + P 


K</ IJ R 


(155) 

(166) 


cos a 


Pi 


VPi^ + <2i 2 


(167) 



Fig. 6—Characteristics of Three-Phase Induction Motor- 

Balanced Three-Phase 


Evidently (166), (166) and (167) are identical to (144), (146) 

's/ ^ 

and (146) if I a is equal to /& -f- ——. This will be the case if 

V3 

the value of E a d = — 2 ~ that of i£& c . The total heating of 
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the motors will be the same in each case but the heating in one 
p ase for Case III will be one-third greater than for Case I. 



Single- 
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induction motor operating respectively on a symmetrical cir¬ 
cuit, according to Case I and according to Case II. • 

Synchronous Machinery 

The Symmetrical Three-Phase Generator Operating on 

Unsymmetrically Loaded Circuit 

The polyphase salient pole generator is not strictly a symmetri¬ 
cal machine, the exciting winding is not a symmetrical polyphase 
winding and it therefore sets up unsymmetrical trains of har¬ 
monics in exactly the same way as they are set up in an induction 
motor with unsymmetrical secondary winding. These cases will 
therefore be taken up later on. A three-phase generator may 
however be wound with a distributed polyphase winding to serve 
both as exciting and damper winding and if properly connected 
will be perfectly symmetrical. Such a machine will differ from 
an induction motor only in respect to the fact that it operates 
in synchronism and has internally generated symmetrical e. m. fs. 
which we will denote by S 1 E a i, S 2 E a 2 the negative phase se¬ 
quence component being zero; an e. m. f. S° E a o may exist but 
since in all the connections that will be considered there will be 
no neutral connection its value may be ignored. If the load 
impedances be Z a ', Zb' and Z c ' they may be expressed by 

Z aa * = S° ZaO 1 + S 1 Z al ' + S* Z o2 ' 

and the equations of the generator will be 

S 1 E a 1 = S l | + La ~g “ ^ I a \ + Z a o' Ial 

4" Z a 2 Ia2 r + M —g- 6 J ' Wot I u \ j 

0 = S 2 | ^R a + L a ^ I a 2 + ZaO f la2* 

+ Zal 1 hi + M -JJ^ jmi iu2 | 

0 « (Ru + L u -gf) I ul ’ + M €-** hi ' 

0 - (Ru + Lu Iu2 ' + M^J J a2 ' 
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The last two equations give 

M~ d 

Iul' = - 


dt 


Ru + L u 


e -jwu J 


d t 


M 


d 


IuY = 


d t 


(159) 


Ru + L u 


T 


a 2 


dt 


which on substitution in the first two equations of (168) give 
the equations 


Ra + L a 


d 


M 2 


d 


dt 


dt \ dt 


J 


) 


Ru + L u - j w 0 ^ 


l 


al 


i 

j 


+ ZaO 1 Tax' + Z o2 ' / a2 ' = E al 


ZaX 1 Tax' + 


Ra + L a 


d t 


M 2 


d 


dt 


( TT +jw ) 




( 


dt 


+ j 


or if 


r wA 


IaY + Z a0 l / a2 ' =0 


(160) 


Eal = -Eal e J '“ 4< 


(161) 


the impedances Z o0 , Z nl , Z o2 become ordinary impedance for 
e ectncal angular velocity w„ and equations (160) become 

(Ra + jwL a + z a „t) l ax - + Za2 'I a ' t = E al 

Zax' Iax'+ {Zao'+ ( R a + Kf R u ) +j 2 W „ ( La - Rf L u )~ 

It is apparent that in the generator the impedances 

R a + j w 0 L a = Zi' 

and { (R a + Rf r u ) + j 2 w<) (L a - Rf L u ) - J RtR u } = z 2 ', 


an 


( 162 ) 



1918] FORTESCUE: SYMMETRICAL CO-ORDINATES 1077 


take the place of Z x and Z 2 *in the symmetrical induction motor 
operating on an unsymmetrical circuit, and we may express 
equation (162) 


GZco' “I” ZiO I a l 4“ Z a2 ' -^ 2 ^ ~ E c 
Z a ' Ial + (Z o0 ' + Z 2 ') /o2'= 0 


which gives 


T / _ 


J / 

-*• rtl 


7 t 

^>al 


Z a 0 + Z 2 


-E«i 


(Z a0 ' + ZxO 


Z t 7 t 
<zl ^o2 

Z 0 o' + Z 2 ' 


Or in more symmetrical form 




Z r I 7 / 

aO r ^ 2 ^ 

(z o0 ' + ZiO (z a0 ' + z,o - z al ' z o2 ' £o1 

__ Zai 1 _ .k 

C^ad' + Zi') (Z„o' + Z2') — Z a i' Z a 2' 01 


From (159) we have for the damper currents 

lux' = 0 if R u > 0 


(163) 


(164) 


Ini' = - K 2 I o2 e- 7 ' 2 ® 0 ' l (166) 

, A '. 2 w 0 M 

where K 2 —j ■ 0 

-ft-w \ J A w o Ju u 

Z particular case of interest is when the load is a Synchronous 
Motor or Induction Motor with unsymmetrical line impedances in 
series —Equation (163) becomes 

(Z*o' + Z x ' + Z x ) I a i' -f- Z o2 ' I a2 ' = E a2 

Z a \ Ial' + (Z a o' + Z 2 ' + Z 2 ) J o2 ' = 0 


JT / ___ Z q q / j- Z 2 ' j- Z 2 - 

(Zoo' + Zi'+Zi) (Z a o'+Z 2 ' + Z 2 )— Zal Z a2 al 


(166) 


T /_ 

i — 


__ ft 

(Zao'+Zi' + Zi) (Za0 , + Z 2 / Z 2 ) — Zal Z a2 °* 


important case is that of a generator feeding into a symmetrical 
motor and an unsymmetrical load. Let the motor currents be 
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T T ^ 

la, lb, Ic, those of the load I.' To T ' ana i j - , 

7 ' 7 .' 7 I T'L ’ 6 ’ c an( i the load impedances 

a, , A c . The equations of this system will be 

S 1 Eal 

S'E a , 

5 12 0 
S 2 0 


: s 1 [ZY (I al + / a /) + z a 0 'I al > + z a2 ' /„/} 
S 1 {ZY (I al + l a Y) +Z 1 I al } 
s 2 {ZY (/ o2 + la,') + Z a Y I a2 + z al ‘ l al - J 
s* {Z 2 '(f a2 + f a2 ') +z 2 l a2 j 


(167) 


Or, omitting the sequence symbols and re-arranging- 

Eal = ZY I al + (ZY + Z a0 ') I al ' + Z a2 ’ l a% > 

&a\ = (ZY -j- ZY) l aX + Zy / ol 1 
0 = ^2'-T o2 + Z a Y IaY + (ZY + Z a0 ') i a Y 

0 = (Zy + z 2 ) + zy IaY 

These equations can be further simplified as follows: 

o = (zy + z^ i a2 + zy! 


I 

J 


(168) 


a2 


0 - 


V" 

Z, I a 2 + Z a Y IaY + ZaY l a 2 ' 
0 =-ZJal + ZaY IaY + Z a2 ' J a2 ' 

^1 = (ZY + Z 1 )I al + ZYl a Y 


(169) 


A set of simultaneous equations which may be easily ^ 
Three P° B I fs'. P ? iSB Gen “ atoi! is " Important Case or the 

“ ta^Ttlt ,™ °” “ U “—“ 

suppose it to be made up of toe stat oonneoted ^daneef ““ 

Za' = 3 Z x + 


ZY = 


ZY = 
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the value of Z x in the limit being infinity. Then we have 

Z o0 ' = Z* + -J- 

, Z a i' = Zx 


Z, 


a2 


Ax 


(170) 


to 


Equation (164) in the limit when Z x becomes infinite reduces 


f / __ 

-tol — 


_ V- 

E 


a 1 


z + Zx' + Z 2 ' 


f/ _ _ 

J- 0.2 — 


E 


_ _ (171) 

Z T- Z\ + Z 2 

The single-phase load being across the phase B C, the single¬ 
phase current I will therefore be equal to I c or 

j V3 E al 


I 


Z -j- Z\ -f- z^ 




be 


»■ Z + Z\ + z% 
Jui = 0 if R u > 0 


(172) 


1 


u2 


J 


v- 


V 

L 


u2 


V .3 

Ms 

V3 


Zo / €>»' 


I G j2wot 


(173) 


/ U 2 is double normal frequency 
-Pi +jQi = 3PZ 

-Pl+J<2l= 3I 2 (2i'+2 2 ') 

(-P + i (?) + (-Ph +i&) = 3 Ebc (1 + /) 


(174) 


In the case of the generally unbalanced three-phase load 
Pi +j Qi = 3 {(/ al 2 + I o2 2 )Z o0 ' 

-+ I a 1 lai a2' + Zzl Ia2 Z a i\ 

-Pl + J <2l = 3 {/ al 2 Zx' + I o2 * Z 2 '} 

(-P+J0 + (Ph +J«2h) = 3 £ al (J o2 + / a2 ) 


( 175 ) 
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When the generator has harmonics in its wave form equations 
(162) must be written 

(■~f~J W La + Za o') la1 + Z a 1 ' IaZ = Hal 


Zal Ia\ {Z a o'-{- (i?o -f- K'Z Ru) 

+ j2w (L a — K 2 -L u ) -la?R u } J o2 ' = £ a2 j 


(176) 


Where E al is finite, E a2 is zero and vice versa, the frequencies 
being different in each case, we have therefore a solution for each 
frequency depending on the phase and amplitude and phase se¬ 
quence of the e. m. f. of this frequency generated. Of course 
the values of Z x ’ and Z 2 ' change with each frequency on account 
of the change in the reactance with frequency, and a value must 

be taken for w conforming with the frequency of the harmonic 
under consideration. 

Symmetrical Synchronous Motor, Synchronous Condenser, Etc. 

. As m the case of the generator, the synchronous motor has two 
impedances, one to the positive phase sequence current of a 
given frequency and the other to the negative phase sequence 
cun-ent of the same frequency. But, since there is no quantity 
the positive phase sequence impedance corresponding to the 
nrtual resistance which indicates mechanical work in an induc- 
tion motor, its equivalent is furnished by the excitation of the 
!d. , Let us denote the e. m. f. due to the field excitation by 

Phfe system^ ing T lt , t0 p be ^° r the present a sim Ple harmonic three- 

Llud. the win^e Ld e i“„ 6 2T ° f th<i d m0t T WhiCh Wfll 

itzti:r ow motor on a baiancea *■ 


*S l -Eal ~ S 1 {fal (E a ' + jwL a ’) + _g al '} 

LPEal I ai = 5° | Ia] 2 -)-J wL a ') + —L — j Q 


(177) 

(178) 

rZcto' iS imag! " ary P “ 0f the 078) 


Eal Ial COS a = 7 al 2 R' _L jj> 

3 


(179) 


for J, 


Where cos u is the required operating power factor. Solving 
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Eai cos a 


Ial 


Ial = Mai 


2 R a 1 

cos a 

2 Ral 


1 zfc \r 1 


1 zfc V 1 


1 - 

4 R a r j Po 

3 E a i 2 cos 2 a 

1 - 

4 Ral' P 0 

3 E a i 2 cos 2 a 

(cos 

a — j sin a) 


The apparent impedance of the motor is 

2 Ri sec a 


1 dz 




4 P f 


3 £ a 2 cos 2 a 


and 


^Eal 1 = -Eal 1 


cos a 

2 Ra l 


1 _i_ 

JL ZEI 




1 


4 R a ' P o 
3 E al 2 cos 2 a; 
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(180) 


(181) 


(cos a + j sin a) (182) 


(cos a — j sin a) ( R a ' + j w L a ') 


(183) 


The same equations apply to the case of the synchronous 
condenser with the difference that the mechanical work is that 
required to overcome the iron and windage losses only. 

If we take 


E a i = Eai (cos a + j sin a) e jml = (Ai + j B{) e jW0 ‘ 
Eai = (Ay + j Be) 


(184) 


we have 





A i 
2 


(l zb V 1 - 

4f? a 'Po\ 

3 AY ) 

| gjwat 

(l ± V l - 

4 Ra' Po) 

3 AY J 

| gjwot 


(185) 

(186) 




j W Lg' A 1 
2 R a ' 



4 Ra' P 0 \ \ 
3 AY )\ 




(187) 


Since a may be a positive or negative angle, the sine may be 
positive or negative for a positive cosine, and therefore the power 
factor will be leading or lagging accordingly as ib is negative or 
positive respectively. The double signs throughout are due to 
the fact that for any given load and power factor there are always 
. two theoretically possible running conditions. However, since 
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we are concerned only with that one which will give the max. 
operating efficiency, that is the condition that gives I a 1 the lesser 
value, for a given value of P 0 the equations may be written 




a i 

A 1 

~2~ 


(‘" ^ - j rir ) ei “ 




j Wo La A 
2 RJ 



4 RJ_ Pp \ ) 
3 Ax 2 )] 


) (188) 


And corresponding values for (180), (181), (182) and (183) may 
be obtained by omitting the positive sign in these equations 
Another condition of operation is obtained by inspection of 
(180), due to the fact that J al must be a real quantity 


4 R a ' P 


op 2 ” 2 — must be > 1 

6 Hal 2 cos 2 a 


(189) 


this is the condition of stability. In terms of (184) it becomes 

4 R a ' Po 


Ya ~ must be > i 


(190) 


S ™ e a PP>? the synchronous condenser, the 

this case beinf the iro ° 

siM r “»yf°,L°° W 1° r, ' : ; er ‘;' 0, ‘. With ""““"l circuits having 

e q uatio S nT4 W V1 ” S * * 

S 2 E a2 = S 2 Z 2 f I a2 (191) 

The mechanical power delivered through the operation of thi, 

negative phase sequence e. m. f. is given by P N where 

Ra' 

~r d92) 

this quantity must therefore be subtract! 

in all the equations in which P ann l u th f Value of 

cuits are used in connection ™ ‘ti! ^ - rS W 6n unba ^ anc ed cir- 
m, m con nection with equations (177) to fl90'i inni„ 

Positive phase sepuencc compoaenti h5Tp P ”“tt re! 


■Pn = ~ 3 Iai 
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quired is the combined power factor of the whole system, or the 
conditions to give a certain combined factor while delivering a 
given mechanical load; this may be obtained as follows: 

The negative phase sequence component is a perfectly definite 
impedance and is independent of the load, and therefore the zero 
frequency part of the product £ a2 / a2 may be set down as 

E a , la 2 = 7^ + 3 -y- (193) 

we have also for the positive phase sequence power delivered 

(Ax + j Bx) lax = h l 2 Ra' + ^ ~ ^ 

+ j:(w lax La' + Bx l ) lax . (194) 
And the power factor is given by cos a , where 

(195) 


(196) 

B! = W Ial L a ' + Si' (197) 

AS + Si 2 = EaS (198) 

The simplest method of solving these equations is by means 
of curves. Taking arbitrary values of I a 1 , and A i are chosen 

p 

consistent with (198) so as to satisfy (195), —L- Ai and Bi are 

then obtained from (196) and (197). If there are harmonics in 
the impressed e. m. f. but there are none in the wave form of the 
machine, the machine will have a definite impedance to the 
positive and negative phase sequence components of each har¬ 
monic, so that there will be a definite amount of mechanical 
work contributed by each harmonic which must be subtracted 
from the total work to be done to give the amount of' work con¬ 
tributed by the positive phase sequence fundamental component, 
the equations will be identical to (193), (194), (195), (196), 


Ial B\A~ 


Qi 


tan a 


Ial A i + 


B 2 


From (194) we have 


Ail 


a l 


IaS Ra 1 + 


P ( 


P* 



1084 


FORTESCUE: SYMMETRICAL CO-ORDINATES [June 28 


(197) and (198), if we take P N to mean the total mechanical 
work done by the harmonics both positive and negative phase 
sequence and P 2 and Q 2 to represent the products 

2 ( n E a i n^al + nE a2 nfat) 


the zero frequency part only being taken into account. 

When harmonics are present both in the impressed wave and 
in the generated wave, the problem becomes too complicated to 

treat generally, but specific cases can be worked out without 
much difficulty. 

Phase Converters and Balancers 

The phase converter is a machine to transform energy from 
single-phase or pulsating form to polyphase or non-pulsating 
form or vice versa to transform energy from polyphase to single¬ 
phase. The transformation may not be complete, that is to say, 
the polyphase system may not be perfectly balanced when sup¬ 
plied from a single-phase source through the medium of a phase 
converter. Phase converters may be roughly divided into two 
classes, namely—shunt type and series type. 


nduction Motor or Synchronous Condenser Operating 
as a Phase Converter of the Shunt Type to Supply a 
Symmetrical Induction Motor or Synchronous 

Motor 

fiemotr T °TT 

Let S l P ad C 2 77 u 4.1 1 ’ — t ^ LOSe phase converter. 

comooneniwS ^ ^ ® positlve and negative phase sequence 

of the operation Th * “ preSSed ° n the motor as a result 
delta e m f ^ / he ^- V ha.se supply will be one side of the 
‘ bc w hxch has positive and negative phase se¬ 
being jS ic + E lc t 5 ^ 6 smgle - phase sa Pply 

The value of Z 2 ' may be considered fixed for all practical our- 
p ses an since m the induction motor phase converter the speed 

ance Pta » part obtaiied by I tha ™ °“ Tft 

no-load impedance bv the ratio L , , g “ e real part °f the 
these same losses olu* f® ° of * he normal no-load losses to 

converter currents The^ losses du e to the phase 

even a large™ in to Jf T? * r0Ugh1 ^ as 

on the actual results. We haveTherefore^ mappreciable effect ' 
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S 1 E al = - j 


• Ebc 


V3 


S 2 E 


a2 


S 2 j ■ 


■ 


Vd 


' (199) 


Si 1 Ial' = - &j 


• E*bc\ 


V3 Zi 


S l Ial = - S l j 


. & 


be 1 


V3Z 1 


( 200 ) 


S 2 J, 


a 2 


v* 

Q2 * E*bc% 

J Wz 2 > 


S 2 1 


a 2 


S 2 j 


£. 


be 2 


V3Z 2 

In the common lead of motor and converter we have 


ial + Ia2 + ial + Z 


a 2 


0 


or, substituting from ( 200 ) and ( 201 ) 


& 


6c 2 






1 


) “ ^ 4l ( z7 + Tr) 


1 ( 201 ) 


( 202 ) 


(203) 



(204) 



which give the complete solution for all the quantities required 

with the, aid of equations (200) and (201). For the supply- 
current I 
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I “ hex + hc2 + hcl + Ibc2 / 

S I bc = S l Ibcl + S 2 Ibc2 
S E bc = S 1 E bc i 4“ S 2 Ebc2 
Pi + j Qx = E hc I 


(207) 


(208) 

In order to obtain a perfect balance we may consider the addi- 

tion of an e. m. f. S 2 j i n series with the phase converter 

whose value must be a function of the load and the phase con¬ 
verter impedances, and therefore equation (201) will be replaced 


S 2 fa*' = S 2 


( j 


-E±l i -• \ 

V 3 Z 2 ' J Vz Z„' / 


V 3 Z, 


(209) 




S 2 I a2 = 5 2 j —±± . 

Vz Z 2 


and since the balance is perfect E bci is zero, and therefore 


S 2 j 


TV 

1 J ~'x2 


V 3 


5 s Z 2 ' / o2 ' 


( 210 ) 


An e. m. f equal and of opposite phase to the negative phase 

duceT 6 K th r° Ugh the phaSS converter is required to pro¬ 
duce a perfect balance. 

fpr?^ ymg + ° Ut the f 0lutl0n in the same manner as in the imper- 
iect converter, we obtain F 



and since S b c 2 is zero and jE 6c1 
e. m. 1, we obtain 


v*- 

= E bc the single-phase impressed 



and therefore from ( 210 ) 





( 212 ) 

■ i 

(213) 
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S l Li 1 = - S l j 

V3 Z t ' 

s 2 hi = o 
S l Li = - S'j 

V3 Z, 


(214) 

(215) 

(216) . 


Figs. 9, 10, 11 and 12 are vector diagrams of some of the princi¬ 
pal compensated shunt-type phase converters. There will be no 

difficulty in following out these diagrams if the principles of this 
paper have been grasped. 



Fig. 9 Vector Diagram of Shunt-Type Phase Converter Operated 
from Transformer So As To Deliver Balanced Currents 
Terminal voltages of phase converter SE' a 
Terminal voltages of motor 

Negative phase sequence e.m.fs. in phase converter S 2 (OA^ 


The Phase Balancer is a device to maintain symmetry of 
e. m. fs. at a given point in a polyphase system. It may consist 
of an induction motor or synchronous condenser with an auxiliary 
machine connected in series to supply an e. m. f. always pro¬ 
portional to the product of the negative phase sequence current 
passing through the machine and the negative phase sequence 
impedance of the balancer. It therefore has the effect of an¬ 
nulling the impedance of the machine to the flow of negative 
phase sequence current. Thus, in a symmetrical polyphase 
network, where we have an unbalanced system of currents due to 
certain conditions 

S l a = S 1 Ial + S 2 I a 2 


( 217 ) 
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If a balancer be placed at the proper point the component S 2 I a2 
will circulate between the loads and the phase balancer, the other 
component S 1 hi being furnished from the power house. On the 
other hand, if there be a dissymmetry in the impedance of the 
system up to the phase balancer, the latter will draw a negative 
phase sequence current sufficient to counteract the unbalance 
due to any symmetrical load by causing the proper amount of 
negative phase sequence current to flow to produce a balance. 

The balancer may be made inherently self-balancing by insert¬ 
ing in series with it a machine which is self-exciting and is able 



s Za = S° ZaO + S 1 Zai -f- S 2 Z a2 

The equations of the system are 

VZai = S'Z a0 I al + si Za2 

S2E °> = 0 = S*Z al> T a2 + s> Za j al 



( 218 ) 
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The currents in the phase balancer are 

- S 2 Li and S 1 

The solution of (218) gives 5 2 I a 2 and S l I a 1 , the former of 
which are the phase balancer currents. The solution is 






Zal _ 

Zal 



i (219) 



Fig. 11 Vector Diagram of Shunt-Type Phase Converter Scott 
Connected with Compensation^by Transformer Taps 

Terminal voltages of converter D'A and >B f C l 
Terminal voltages of motor S l .E a i 


The phase balancer is a voltage balancer and will maintain 
balanced e. m. f. for any condition of impedance, and if the im¬ 
pedance of the mains is unsymmetrical it will draw a sufficient 
amount of wattless negative phase sequence current through 
these mains to produce an. e. m. f. balance at its terminals. 
Hence the complete solution requires consideration of all the 
connections in the network between the supply point and the 
balancer. Two equations for each mesh and connection are 
required, one of the positive phase sequence e. m. fs. and the 
other of the negative phase sequence e. m. f., and these equations 
may be solved in the usual way. 

Series Phase Converter. In discussing the various reactions in 
rotating machines we have made use of the terms “positive phase 
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sequence impedance” and “negative phase sequence imped¬ 
ance.” These terms are definite enough when dealing with rela¬ 
tions between machines whose generated e. m. fs. all have the 
same phase sequence, but require further definition when we 
are dealing with relations between machines whose e. m. fs. have 
different phase sequence. We shall retain the symbols Z x and 
Zz for the values of the positive and negative phase sequence 
impedances, depending upon the sequence symbo' 5 to define 
whether these impedances apply to a negative or positive phase 
sequence current. Thus, the phase sequence of the currents and 



Fig. 12 Vector Diagram of Shunt-type Phase Converter With 
Auxiliary Rotatino Compensator to Effect a Perfbc^ bIance 

Terminal voltages of phase converter 5 JE a ' 

Terminal voltages of motor S l JE al 
Terminal voltages of compensator S^Ma 2 

nowe/' defin ? by thC a PP aratus supplying and receiving 

defined ?n ° f the trans ™tting apparatus will be 

series^ “ e at i 0n t0 theSe CUrrents ' As an exar uple a motor 

and drivenin f phaSe SGquence relation “ a circuit 

and driven m a positive direction will have impedances 


positive phase sequence Z 2 
negative phase sequence Z x 


( 220 ) 


“ defi d ed " b6i ” e ° f 

equence relation to other machines, it will-have imped- 
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ances as given above to the positive and negative phase sequence 
, currents passing through the other machines. 

A single-phase transformer winding tapped at the middle point 
may be regarded as an unbalanced three-phase system where 

£ a = 0, Eb = + E s , E c = — Eg 

2 E a being t'he single-phase e. m. f The system may be repre¬ 
sented by the equation 

SE a = S l S al + S 2 Ea2 


V* 

Eai 



Fig. 13—Vector Diagram of Series-Type Converter. 
No Load e.m.f’s. Across Motor Terminals .SJSai 
No Load e.m.f’s. Across Converter Terminals S 2 E a 2 
Single-Phase e.m.f’s. 2 E 8 

e.m.f.Across Terminal of Motor Under Load E a E h E c 
e.m.f. Across Terminal of Converter Under Load E f a &'bE f c 


where & a \ 





If, therefore between the single-phase source of power and 
the load we interpose a polyphase machine with e. m. f. — S 2 
&a 2 t we shall have at the load terminals the e. m. f. S 1 E a i. 
If we use an induction-type phase converter it will have imped¬ 
ances to motor currents as follows 


To positive phase sequence Z 2 ' 
To negative phase sequence Z\ 


( 222 ) 
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we therefore have the relations 

Mai = S 1 Lx (Zi + Z 2 ') (223) 

S 2 -Ea2 * ‘S’ 2 (Z 2 + ZlO (224) 


If the converter is doing no mechanical work, Z\ is large com¬ 
pared with Z 2 ' or Z 2 , and therefore the component of negative 
phase sequence is small in the motor. The value of Z/ depends 
upon the slip of the phase converter which will depend on the 
mechanical load it carries as well as on the load carried by the 
motors. Approximately the load currents due to the motors 
produce the equivalent at the phase converter of a mechanical 
load equal to one-half the rotor loss of the phase converter due 
to these load currents. Substituting the values given in (221) 
for 5 1 M a i and S 2 E a 2 , we obtain. 


^’vl =SI L(Z 1 + Z 2 0 

~ Z 2 j = S 2 lal {Z 2 + Zi) 

S 1 lal = S 1 j — ^ A - 

V3 (Zi + Z2') 

S*Ia2 = - — — £* _ 

V3 (Z, + ZxO 


I (225) 


(226) 


1/ instead of an induction-type phase converter a synchronous 
phase converter is used an e. m. f. of negative phase sequence S 2 £ a2 ■ 
\ 6 ^nerated e. m. f. of the phase converter must he introduced 
m equations (224) and (225) and the value and phase of these 
e. m fs. will depend upon the load on the phase converter shaft as 
well as the load carried by the motors. The equations will be 


S l E al 

r-t 

&b 

II 

(Z 1 + Zf) 

(227) 

&E a2 

<n 

II 

(Z 2 + Zf) + S 2 JE a f 

(228) 

y 

Cl E* 

J vr 

p 

H 

H* 

(z 1 + z,o 

* 



• (229) 

S*j-^ 

v3 

C* 

II 

(Z 2 + ZxO + 5 s £ a2 ' 



or 
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The last member of equations (229) is the equation of a syn¬ 
chronous condenser. Assuming its windage, iron loss and in¬ 
creased losses due to secondary reactions to be Po, we have by 
equation (160) of the Section on Synchronous Motors 


~^r ^ a2 COS a ^a2 2 (P 2 + Rl) + 


Let 


fa2 — &2 + j b 2 


(230) 


(231) 


then (230) becomes 

E t 


Vz 


— (<2 2 2 ~f~ ^2 2 ) (R-2 ”f" Pi0 “h 


(232) 


Of the two quantities a 2 and b 2 , b 2 alone is arbitrary and depends 
upon the excitation, a 2 will depend upon the value of b 2 and also 
upon the losses. Solving therefore for a 2 in terms of b 2) we have 


a 2 


E. 


2 Vz (P 2 + Pi') 


1 


V 


1 


4 (P 2 + Pi ; ) {3 b 2 2 (P 2 + Ri) + Po} 

E? 


(233) 


Since b 2 is arbitrary we may now determine cos a 2 
a 2 


• 7 ====== = and the value of I a2 in terms of the impressed e. m. f. 

V &2 2 T“ 0 2 2 

will be by (181) of Section on Synchronous Motors 




a 2 


S 2 



cos a 2 / 

L- 7 V3 

2 (22, + 22,') 1 


1 


A/. 4 (A, + Rj') Po 

▼ X TT-I A " ' ' rt 1 


P * 2 cos 2 a 2 




] 


(234) 


The effective value of J o2 in terms of the effective value of £ 3 will 
then be 


a2 


cos a 2 


E B 

V3 2 (P 2 + P7) 


/ 1 _ \/1 ^ (P 2 + Rl) Po 

/\ I 1 VI — 9 _ 


■E, 2 COS 2 Ct.2 


( 235 ) 
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and since the component of the e.m.f. generated in phase with the 
current is determined only by the magnitude of arid the 
motor losses, if we define its value by A 2' the quadrature 
component being B2 we shall have 


A/ 


E t cos 0C2 

Vs ~2~ 


(1 + Vi 


4 (g, + jV) P 0 

E m 2 COS 2 C*2 


) 


(236) 


and 


BS 


E$ . w (L2 H“ Z/ 2 O 

— 7 =. sm a% — — —~. —— y 

Vz AJ- 


\ . f 


(237) 


E, 


V3 


sin o^2 + 


3 w (Z , 2 + Li Q ■_ 

•^0 2 (J ?2 * 4 “ 


cos c * 2 


V] __ ^ C^2 4“ -glQ P o 


jE 4 2 cos 2 Of 2 


rr( 

■) 


(238) 


and therefore we have 


Et 


3 


• £. r cos a 2 /. .a/. 4 ( R 2 + 2 ?/) P 0 


V 3 L 2 


(l + Vl 


E a 2 cos 2 a 2 


: > 


3 \ sm 


in a 2 + 3 w ( L * + • L » / ) cos <*2 / 1 

2 P 0 (R, + Rl ‘) V * 


V 1 _ 4 Cjja + J?iO .P( 


£, 2 cos 2 a 2 


)}] (e**) (239) 


The impedance of the phase converter to the flow of negative 
phase sequence current is 


2 (-R 2 + Ri) sec a 


V 1 — 1 C^2_+ jRx'Q Po 


-E , 2 cos 2 a 


(240) 


co S " e a b :r Ce r Ub at ltS bestwhen is a -™mwith 

cos a, as the independent variable. This will be the case when 
cos a 2 is unity; that is to say when b 2 is zero. 
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Recapitulating the results given above, we have for the general 
case taking the single-phase e. m. f. E, as reference 


hi = S l j - 7 = 


E. 


V^3 (Z 1 + Z 2 ') 


s* hi = - 7 (a* + 7 i 2 ) 


(241) 


(242) 


where b 2 is arbitrary and 


0,2 


E. 


^ V3 (i?2 + Pi') 


a/ 4 (P 2 + 22x0 {3 b 2 2 (P 2 + 22x0 + P 0 } 
Since b 2 is arbitrary cos a 2 is determined by 


} (243) 


cos a 2 


a 2 


^ai 2 + b 2 2 

i 

we may express hi in terms of i5, by 


(244) 


£ 2 I 


a 2 


s*j 


• E g 


cos ol 2 


Vs 2 (P 2 + Pi') 


1 


Vi - 4 (P 2 + 22x0 Po 


P a 2 cos 2 a 2 


The effective value of I a2 will be 


E 


Ia2 — V&2 2 “f" b 2 2 


cos a 2 


Oti 


VS 2 (P, + 22x0 • 


1 


A /-. 4 (22, + 22x0 Po 

y X *r~«i n a 


P a 2 cos 2 a 2 


(245) 


(246) 


If A 2 and B 2 are components of P a2 ' these being the generated 
e. m. f. in phase and in quadrature with the current I a 2 we shall 
have 

- j (A 2 ' + j B 2 0 (247) 




and A 2 and B 2 will have the following values 
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A 


E, cos a 2 


V 3 


<*> 


Bo' 


jE, 


V3 


sin a% + 


COS <X2 


3 w (L 2 + la') 

Po 2 ( i?2 + P/) 


f 


4 (i? 2 + QiQ Po 

■E . 2 cos a 2 

and E„i expressed in terms of E, becomes 


(249) 


E*' = 


J 


e . r 

vs L 


cos a 2 


(l+ a/ 1 — j + P/) Pp \ 

\ E, 2 cos 2 a 2 / 


J \ sin a 2 + - 3 HL CQS «« ,i 

2 P 0 (P 2 + Pi') 11 


(’ 


\/ x 4 (P 2 + P/) p 0 \ 1 -1 

P » 2 cos 2 a 2 / J J 


(250) 


The effective impedance of the phase converter to the flow of 
negative phase sequence currents is 


-V: 


(P 2 ~f~ Pi') sec q ! 2 

: 1 (p 2 +p/tk (cos " 2 


i sin a 2 ) (261) 


P » 2 cos 2 o: 


or 


E, 


Po 


A + yTItEEI 


E, 2 cos 2 


T) Po\ , 

—— 1 e -j 
0C 2 / 


a* 


(262) 


sidevedl equatlons cos " 2 is arbitrary or b 2 may be con¬ 

sidered arbitrary and cos a 2 will then be determined 

whSTmad”^-' “ ° btained Wh6n C ° S is made unit y or 

wnen b 2 is made zero m equations ( 241 ) and ( 252 ) 

^ by driving the P hase converter 

mcally so as to supply the mechanical power P 0 from a 

ZuT ° r Symmetrical sour ce. Under this condition a 2 and b 
both become zero when cos 1*0 1 2 na o 2 

the system is then (241). y ' e °n y equation of 
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Currents and Power Factor in the Single-Phase Supply Circuit 
of Series Phase Converter . 

The e. m. f. is 2 & 8 and the current supplied is 

V v 

jr lb IC 


p. v- V* 

61 — icl , ^62 ““ ^c2 

a "l a 


If we take 

4i =^i (ai - j b0 

Ib\ — Icl y/3 f . s 

-2 = ~2~ (“1 - j J i) 

Similarly, since under the same conditions 

S 2 l a % = — S 2 j (a 2 +j b 2 ) 

- 2 - = ~2~ J 


and therefore 


P — —2 ~ {(®i + o 2 ) — j ( bi — 5 2 )} 


(253) 


(254) 

(265) 


(256) 


(257) 


(258) 


where a h b i, a 2 , b 2 are to be obtained by means of equations 
(243) to (254). ' The single-phase power factor is given by 


tan 9 = 


hi - h 
ai + a 2 


(259) 


of these quantities a 2 is usually the smallest and its value may be 
obtained approximately by assigning to h 2 a value which will 


£ _ ^ 

make the ratio — 1 — 2 equal to tan 6, and obtaining the 

j 

corresponding value of a 2 by (242), the value of b 2 may then be 
recalculated from (269) by substituting the tentative value ob¬ 
tained for a 2 . This procedure may be repeated until s uffi cient 
accuracy has been obtained. 


Single-Phase Power Factor in Shunt-Type Phase Converter. 

The simplest procedure is to obtain a curve of admittances 
for varying excitation of the converter and plot the power factor 
obtained by varying the admittance with a fixed load. The true 
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and wattless power is obtained easily by means of (208) whether 
the system is balanced or unbalanced. 

Pigs. 14, 15, 16 and 17 are vector diagrams of several 
methods of using phase converters to supply a balanced 3 -phase 
e* Hi. f. to a symmetrical load such as an induction motor. The 
diagrams are all based on a main machine having the same nega¬ 
tive phase sequence impedance and the system in each case is 


A 



,1 Phase 
A ^Converter 


Motor 



Pig. 14 

Single -Phase Impressed e.m.f. *= B'C' 

Motor e.m.f. = BC 

Negative Phase Sequence e.m.fs. 2 t ai E bi £, 2 
Conjugate Positive Phase Sequence e.m.fs. £ al £ hl £ 

Phase Converter Terminal e.m.f. AB'C' 41 

delivering the same amount of power at the same voltage and S 
phase power factor without supplying anv wsftw g d ?' 
be noted that the 

phase power faotnr tnv y«+-l i_* i aS ^ owes ^ single- 

ft may 

adjustments can be made for L t ^ the slm nt-type schemes 
«~lt ak 0 h faC, ° r -iU 
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APPENDIX I 

Cylindrical Fields in Fourier Harmonics 

When we have a diametrical coil, around a cylinder concentric 
with another cylinder which forms the return magnetic path, and 
the length of the gap is uniform and the coil dimensions aie very 
small, the field across the gap takes the form of a square topped 


A 



Fig. 15 

Single-Phase Impressed e.m.f. = B ' C ' 

Motor e.m.f. = j BC 

Phase Converter e.m.f. = B " C " 

Negative Phase Sequence e.m.f E a 2 Eb 2 E c2 

Coniugate Positive Phase Sequence e.m.f. E a l Eb\E a 

Phase Converter Terminal e.m.f. AB " C lr 

wave, which maybe expressed in the form of a Fourier series 
with the plane of symmetry of the coil as reference plane, and its 
Fourier expansion is 

4 B 1 

<B ** —— (cos d — \ cos 3 6 + « cos 5 6 ) (1) 

7r o 

where B is the average induction in the air gap,. 




1100 FORTES CUE: SYMMETRICAL CO-ORDINATES [June 28 



Fig. 16— Phase Converter with Auxiliary Balancer. 



Single-Phase Impressed 
Motor e.m.f. = ABC 


Fig. 17 
e.m.f. = XY 


There is a 2 to 1 Transformation 
to Three-Phase in This Connection 


OF E»M.F« 


FROM 


Single-Phase 
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With pitch less than 7 r the curve will have a different form, the 
amplitude being greater on one side of the plane of the coils than 
on the other, the areas of each wave will remain the same and 
second harmonic terms will appear. Let 2 m 0 w be the new pitch 
then the average amplitude of the induction will be the same as 
before, namely B , and the value on one side of the coil will be 
2(1— Mo)B and on the other side 2 m 0 B so that the total flux 
will be the same on either side. To obtain the values of the 
coefficients we have 


mo 7T 


2 ( 1 - m 0 B 


7r 


cos nOdd+ 2 Mo B I cos n 8 d 6 — —^— A n 


tj 

o 


mo ir 


WO 7 T 


2ir 


2 (1 — Mo) B 


1 


n 


sin n 9 


2 m 0 B 


o 


1 * A 

smw u 


n 


7T 


wox 


, 4 B / (1 — Mo) + Mo 

A n = - i --- sin n M 0 


A n 


7T 


4 B 


7 r \ n 


n 

1 . 

sin n m 0 7T i 




) 


( 2 ) 


Let 2 m 0 x = f x, then (1 — m 0 ) x=f x and 


2 V3 B , , 1 0 - 1 . 1 , a 

(B = - I cos a + -?r cos 2 6 — -r cos 4 a —=• cos 5 a 

7 r \ 2 4 o 

+ y cos 7 6 + -i* cos 8 0—^ cos 100. . (3) 

A general expression for (B where B is the average of the posi¬ 
tive and negative, maximum value for any pitch coil would be 




sin n mo ir cos n 


9 


) 



and includes all possible coil pitches. If the number of teeth in 
a pole pitch be n r ; in addition to the average induction as in¬ 
dicated by (4), there will also be a tooth ripple of flux, the maxi¬ 
mum value of which will depend upon the average value of the 
induction at each point. The value of m 0 must be a fraction 
having nr as denominator and an integral numerator. The 
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value of the integral numerator is therefore always ra 0 n T . The 
correct value for the max. induction will therefore be 




m 


AB 
7 r 


2 ^ ~ sin n m 0 tt cos n o)} ( l- 

(- 1 ) mm T K t cos n T 8) 


( 5 ) 

where K T is the ratio of the average to the min. air gap. “m Q " 
must always be chosen so that m 0 n T is an integer. 

If the length of the average effective air gap in centimeters 
be d the value of B is given by 

R 4i JJV 

B = ~W ~2d~ gauss 

where I is the maximum value of the current in the coil and N 
is the number of turns. If d is given in inches we may write 

4?r IN n 

X 2.54 maxwells per square inch. 


B = 


10 2d 

If we integrate (5) between the limits (8 — m 0 ir) and 
(8 + m 0 t) we shall have the total flux <p through the coil 

0 -f-WO X 

_ 4B r l f , x \ 

v ~ - I 2 ( — sin n m 0 ir cos n 8 ) d 8 


7 r 

J 

9—mo 

AB rl 

(- l) m 0‘ 

IT 


4 B re 


IT 

AB r l 

(- l)*s< 

7j- 



Q-\-niQ t r 


sin n cos n 8 ^ K T cos n T 8d 0 


9— mo u 


n 2 


sin n m 0 7r sin n 9 


2 

n 


0 -f-fWo X 

9—mo ir 
9^-\-mo x 

sin (n — n T ) 8 
2 (n — n T ) 

9—mo x 


I sin ( 7 ^ j~ fl) 
2 (» + n r ) 


( 6 ) 


r c °u d f xpression is ■*"> for all values of 0 which are 
integral multiples of the tooth pitch angle, so long as m n t 

also an integer and therefore it is zero for all mutual • /*• S 
relations of simila r co y s on a , . , mutual inductive 

fore have: symmetrical toothed core we there- 
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The induction through a coil displaced an angle 8 from the axis 
of a similar coil carrying a current giving a mean induction B both 
coils being wound on the same symmetrical toothed core is 

SB rl 


<P 


7r 




sin 4 n m Q tt cos n 


8 


(7) 


The second term in equation (6) also becomes zero when n r 
becomes infinite independent of the value of 8. We may there¬ 
fore safely make use of an imaginary uniformly distributed wind¬ 
ing when considering self and mutual impedances. It will also 
be shown later on, that with certain groupings of windings the 
second term may be reduced to zero for every value of 8. 

If Ni be the total number of complete loops in one complete 

pole pitch, we may take - 5 -^- as the density of winding per unit 

angle of the complete pole pitch. The mutual induction per 
turn in a coil angularly displaced an angle 8 from another coil 

of winding density —:— with an effective total air gap 2 d and 

Z 7T 

with windings subtending an angle 2 mi tt is given by 

+mi tt 


M, 



1 


w 


mi i r 


8 NjTl 

10 9 7r d 

16 iVi r l 


n 


sin 2 wmo7rcosw(0 + 0') j d 8' henrys 

( 8 ) 

6' *=m x t 

sin 2 n mo tt [sin n (8+6)' ] henrys 


$' =-W! 


7r 


(-1 

\ n 6 


M 1 = ~; A r- x ~ X (-Y-sm^WoTsmwmiT 
10 9 7 r a 1 


cos n d\ henrys (9) 


Next, if the loop of which Mi is the mutual inductance is part of a 


winding having distribution density of winding 


iV 2 

2 x 


and sub- 


teiiding an angle 2 m 2 x its mutual inductance with the other 
winding will be 


m 2 7r 


Mu 


8 Ni 


10 9 


8 iVi N t r l 


‘W2 T 


10 9 x 2 d n* 


r sin 2 n m 0 x sin n mi x 

cos n (8 + 8') d 8' henry ( 10 ) 
sin 2 n mo 7r sin n m\ x 

6 ' =ms tt 

[sin n (6 + 6 ')] henrys 

6' <ax — mt TT 
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w _ 16 Ni N 2 rl „ / 1 

Mli ~ 10 9 7T 2 d - 2 (“rf 


sin 2 n m 0 7r sin 77 Wi 7r 


sin 77 m2 7r cos 77 Q 


y henrys 


( 11 ) 


This is the general expression for the mutual inductance be- 
tween two groups of connected coils of like form on the same 

cy mdrical core. It should be noted how much the harmonics 
have been reduced due to grouping. 

When the coils are not of like design as in the case of a rotor 
and stator and the pitch of the coils is different in one from the 

°, ,f r ’ Sin n m ° T Wl11 not appear twice in the equation but one 
of its values must be replaced by sin nm x w where 2 m x tt is the 
pitch of the new coil. Equation (11) then becomes 

= I Ml N a r t_ _ / 1 


10 9 7T 2 6? 


77 


4 Sln ^ 7T Sin 77 ?77 x 7T 


sin 77^2 7r sin^77 777 2 7t cos 77 henrys (12) 

This formula is strictly correct when m x is an integer and when 

lL“ e ifl mUltiple ° f thG t0 ° th Pitch ' * for all 

values of 0 if either m 0 or to* or both are unity. 

cident C we Sld Kt nng S eaX f ° f tW0 similar 2 rou P s of coils as coin¬ 
cident we obtain the value of A x L , which is part of the self in 

ductance of the group, thus P S6lt ln ‘ 


Ai L x = 


16 


W 2 


r e 


10 s 7T 2 d 


77 


4 ^ ^0 7T sin 2 77 7771 7T 


) (13) 


, T* 16 ° th f factor that ente rs into the self inductance is the slot 
leakage inductance which denenrU +u , ls tne slot 

coil, the number of co“in f .n :r of ,ums “ * 

the slot and the length of the aTr 0 mith * nd of 

A, L, all the field rtich linksX ™ i” tlle TaIue o£ 
included, only the nortion of tn e secondary winding has been 

all the t™ L *.^2? S i°‘ leatage which d “ s not lint 
No hard and ^ c onsidered . 

since it depends upon the shape of the ^ + r ^ imng t ^ 11S ^ uant ^y 
trouble in matin/the SSS? whefthe ^ 

noting this quantity by 4, A, „ e have g "'“' De ‘ 


u = A x L x + a 2 L x 


( 14 ) 
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Symmetrically Grouped Windings . The above formulas give 
the mutual impedance between groups of coils, each group of 
which may be unsymmetrical. Generally machines are designed 
so that, although the individual groups of coils due to fractional 
pitch may be unsymmetrical, the complete winding is symmetri¬ 
cal. When two coils are together in a slot this may be done by 
connecting one group of coils opposite the north pole in series 
with the corresponding group opposite the south pole; that is to 
say, the group displaced electrically by the angle t. If therefore 
we take equation (11) and consider the mutual induction as due 
to a group having axis at 6 = zero and another having its axis 
at 6 = 7r with a similarly arranged group of coils having its 
axis at 9, we find that (11) becomes 

%/r 16 Ni N 2 r l f 1 . ■ 

Mn — —~rr—5—j— 2 \ —— sin 2 n ra 0 w sm n mi tt 
10 9 7r 2 d l n A 

sin n m2 7r (1 — cos n tt ) 2 cos n d j henrys . (16) 

Similarly 

,, 16 Ni N a r l _ / 1 

Mia — — 77 ^— 7 — 7 — 2 < — 3 - sm n mi t sm n m x tt 
10 9 7r 2 d * l n* 

sin n mi 7 r sin n m a t (1 — cos n 7 r) 2 cos n 6 | henrys (16) 

Since 1—cos mr is zero for all even values of n it is evident that 
(16) and (16) contain no even harmonics, moreover the above 
formulas give the mutual induction between two similarly 
connected groups of windings, but if (1— cos n 7 r) is used only with 
the first power these formulas give the mutual impedance be¬ 
tween one pair of such symmetrically grouped windings and 
another single group with axis inclined at an angle 6. 

The value of self induction is 

A T 16 Ni 2 r l / 1 . 9 . , 

At L i = . W ' T T r d ~ s 1 "TV sm nmo7r sm ” Wl T 

(1 - cos n 7 T) 2 ) (17) 

A 2 Li is found in the same manner as before 

Li — Ai jLi -j- A2 L\ (*^-^) 

It is obvious from (15) and (16) that the effect of dissymmetry 
is to introduce more or less double frequency into the wave form 
of generated e. m. f. 
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It will be seen from an examination of (15) and (17) that, for 


example, a winding of pitch ——• and subtending an angle —— 

a ” 3 

when connected in a symmetrical group of two has the same field 
orm and characteristics as a full pitch winding of the same 


number of turns subtending an angle 


2 7T 

3 ' 


There are many symmetrical forms of winding but all will be 
found to be covered by the formulas (15) and (16). 

Unsymmetrical Windings. These may take many forms which 
may be classified: 


(1) Dissymmetry of flux form due to even harmonics. 

(2) Dissymmetry in axial position of polyphase groups. 

(3) Dissymmetry in windings due to incorrect grouping of 
coils. 


. ^ Dissymmetry due to unsymmetrical magnetic character¬ 
istics of the iron. 

Of these various forms of dissymmetry the most common is a 
combination of (1), (2) and (3). These forms of unsymmetrical 
windings may all be calculated by the formulas (11) to (16). 

It is to be noted that the mutual inductance between a sym¬ 
metrical and an unsymmetrical winding is harmonically sym¬ 
metrical.^ Hence, if the field of a machine is-harmonically 
symmetrical, the e. m. f. generated will be also harmonically 
symmetrical whatever may be the form of the windings. i : , 

. reci Procal nature of M is fully established by its form, for 
it is immaterial in obtaining (16) whether we start out ivith the 
wm ing whose pitch is m x or with that whose pitch is m 0 , the 
result will be the same. The effect of saturation will be to tend 
to alter the values of the coefficients of M but the general form 
will not vary appreciably. We shall now consider some standard 
windings of generators and motors 

b PniZ h R aSe Z e lT 21 Ful1 Pitch Here «*! and m, are 

ff5, 0.1666 and 0.1666 respectively. Using formula (15) all 

the even harmonics disappear and (1 - cos n *•)* is equal to 4 or 
zero. 


hat _ 16 JV i JV 2 t l / ^ 4 i 

12 10 9 7r 2 d ( cos 6 + 81 cos 3 6 + 625 


cos 5 6 


+ m. cos 7 6 + 6^1 cos 9 6 + 


• * ) 


(19) 
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M 


Theoretical Symmetrical Three-Phase Winding. Here Wo 
0.5, mi = m 2 = 0.333. Using formula (11) 

_ 3 16 iVi iV 2 r 7 / . . 1 

4 10 9 7r 2 d 


12 


^cos 0 + cos 5 0 


+ 


1 


cos 7 0 + 


1 


cos 110 + 


■ •) 


2401 ™ ’ v ■ 14641 

Here the third group of harmonics is entirely eliminated. 

2 7r 


( 20 ) 


Three-Phase Symmetrical 


Pitch Winding. Here Wo 


0.333, Wi = w 2 = 0.166. Using formula (15) 


M 


3 16 NiN 2 rl / n . 1 


10 9 7 r 2 a 


( 


cos 0 + 


625 


cos 5 0 


+ 2461 C0S 7 6 + 14641 C0S 11 0 + • 
hich rives the san 




( 21 ) 




Formulas for Salient Pole Machines 

Thfr formulas given in the preceding discussion are appropriate 
for distributed winding and non-salient poles. Where salient 
poles are used the field form due to the poles with a given wind¬ 
ing will be arbitrary so that with the polar axis as reference we 
shall have 

ffi = 2 Ia S (An cos n d) (22) 


Where (B is the induction through the armature or stator. When 
the poles are symmetrical A n cos n 0 might be chosen at once for 
this condition and in this case we do not require coefficients of 
mutual induction between pole windings, since the value of (B 
is obtained by considering the mutual reaction between pole 
windings to be such as will produce symmetry. We may how¬ 
ever assume <£ to be perfectly general in form in which case the 
flux through a coil of pitch 2 m 0 7r is 


<P 


An N a I a r l 
10 d 


sin n m 0 7 r cos n 0^ 


(23) 


We have therefore for the mutual induction between one pole 
and a group of coils at an angle 0 and subtending an angle 
2 mi 7r 
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M = ^ N a Ni r l / A n . \ 

al 109 d Z \ ~nT sm n m ° T sm n T cos n d 1 (24) 

and where there is symmetry due to grouping of windings, we 
have 

M = ^ iVa iVi ^ / y I A n . 

al 1Q9 d L 1 ~n?~ sm n m ° T Sm 71 m l 7T 


(1 — cos n 7 r) 2 cos n 6 j (25) 

where N a is the number of turns for one pole and (25) applies to 
one pair of poles and the corresponding group of coils. When there 
are more than one pair of poles in series and the corresponding 
groups of winding are also in series, if it is desired to consider 
t e mutual inductance of the complete winding, the result given 
above must be multiplied by the number of pairs of poles 
If in equation (16) we take 


N a 1 . 

2 tt n ^ "F = N a 


and 

ii 

tH 


7 T 71 

it becomes 


M _ 32 NiN a rl 

10 9 d * 

(B n . 

\ ~r sm 7i77ij.Tr sin ti m 0 tt 


(26) 


sin 71 77l\ 7T (1 COS 71 t) 2 COS 71 d | 


(27) 

which is the expression corresponding to (25) starting with the 

.T d d "/w w (25) “* ™ “ ■» 


%2NiN a re , 4 a t a/- rc , 

IqTj - B n sm nm x iv - 


10 9 d 


A n 


or 


<B„ 


A u 


and 


8 sin Tt m. t 


(28) 




2 r /i 
10 


A ^ (B n sin 7i mo 7r eos Tt 6) 


(29) 
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and is the induction wave form for a single turn of the winding. 

The expression for the mutual inductance between windings 
of the same core for salient poles is obtained in terms of the pole 

A n 

flux wave form by substituting in the formulas -77—:--- 

8 sm n m x 7r 

f or —. We have therefore the following formulas for salient 

n 7r 

poles. ‘ 

General expression considering only one pole and one group of 
coils. 


©a 


<B] 


2 7 T ,N a la 


10 d 


S (A n cos n 6 ) 


7T 1 1 
201 " 


. sm nmoir n 

E ( A n — -cos n U 

\ sm n m a t 




al 


M\ 2 — 


4 Na N\r l ~ f.An . . /j \ 

. ..—. . .2- r sm W. Wo 7T sm W OTi 7T cos w c/ ) 

10 9 d \ n 2 , / 

.*11: 

2 NyNzrl 


(a) 


(b) 


(c) 


10 9 


*kl±y( 

vd -\ 


A n sin w Wo 7T . 

sm nmoTr sm nmiir 


n‘ 


sm nm x T 


Sin (I fflj 7T cos « 6 


) 


1 


4 7r iV a 2 r l ^ / A n 


10 9 <Z 


w 


sm nm 




(d) 


(e) 


A rib 


2Ni 2 rl ~ / A n sin 2 n m 0 ir sin 2 n mi r 

2j 


10 9 ir d 


(• 


n 


sm n m x TT 


) 


(f) 


General expressions considering only poles to be symmetrical. 
Considered on the basis of two poles, N a being turns on one pole. 


<S> a =. 2 (1—cos n 7r) cosra 0} 


(a') 


^ _ 7r/i ^ / A sin nm a T 
20 d l n sin n m x ir 


(1 — cos n 7r) cos n 6 


(b') 


M al 


4:N a N x rl _ / An ■ 

2 < —— sm nm 0 T sm nmiir 


10 9 d 




(1 — cos n ir) cos n 6 


(c') 
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M 


12 


2NiNt.fl 

• 10* t d 


A n sin n mo tt . 


n* sin nm x T 


sm nntoT sm nntiT 


sin n nti t cos n 8 j henrys (d') 


A r 4 7T Na ? l ^ 
AlLa 10 s * ^ 


sin nm x r (1 — cos n t) 


n 


. j _ 2 iVi 2 r l _ f u4 n sin 2 w Wp t sin 2 nm-i.Tr 

11 . 10 9 T d \ n sin n m x it 


(®0 


(fO 




General expression with both polar and winding symmetry. 
2 7T iV 0 I„ 


10 rf 


2 {^4„ (1 — cos n t) cos n 0) 


(a") 




ir/i v sin«»ioir „ _ 

20 ~d Z 1 An ^ ~ cos M cos M e 


Max 


4 IV. iVi r J 
10 9 d 


sm n m x ir 


An 


n 


(b") 


— sin nm 0 TT sin n mi tt (1 — cos n t r) 2 


cos n 6 


„ m 2 NxN 2 rl „ 
M 12 ^= —-— 2 


(c") 


10 9 ir d 


A n sinwwoT . 

HT sln«m x T Sm M *o tt sm» «, x 


sin nm 2 Tr (1 — |cos w]ir) 2 cos n 6 


(d") 


A], L* & 


A 2 L j 


A t Na 2 r l 

10 9 d 


in 

n 


sin n w* 7r (1 - cos n tv) 2 f (ef 7 ) 


2 Ni 2 r l „ f sin 2 n Wo tt sin 2 w Wi 7r 


10® 7T d 


n 


sm n m x tv 


(1 - COS tt 7r) 2 | (f") 


In using any of the formulas given above for machines having 
more than two poles, it must be divided by the number of pairs 
of poles and likewise the expression for M or Ax L must be multi¬ 
plied by the number of pairs of poles, which leaves the formula 
for those quantities unchanged. 
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1111 


Let us next consider the actual induction in the air gap with 
a distributed winding operating with three-phase currents. Let 
imi be the magnetizing current of the first phase i w2 and i m3 
those of the other phases. The induction due to one group of 
coils of phase 1 is 


(Bi 


8 Ni inl 
10 7 r d 


-4- sin n mo 7r sin nmiir cos n 6 \ 
n 2 J 


(30) 


and if the phase displacement of 2 and 3 from 1 be <pn and <p lz 

8 iV 2 / im2 ^ / 1 • \ \ 

— smn mo x sin w w 2 7T cos (nv — <pi 2 ) j 


= 


cb 3 


10 7 x d 


8 iV 3 i,n3 

ioVd 


n 1 


(31) 


rr 


sin nmoTr sin n w 2 x cos (n 6— <pu) 


For symmetrically grouped coils the formulas become 


(Bi 


8 Nl jjnl 
10 7T d 


w 


sin n mo x sin n mi x (1 — cos n x) 


(32) 


cos n 6 


(33) 


^ _ 8 iV 2 imi y 

® a ~~ 10 T 


n 2 


sin nmoTr sin w ra 2 7r(l — cos n x) 


cos m (6 — <£i 2 ) 


(34) 


8 JSif * (l 

CB 3 = ^ 3 2 { —ir sin w Wo x sin n m 3 x (1 — cos w x) cos w 


10 x d 


nr 


(Q - <?u) ] 


(35) 


For a symmetrical three-phase motor with full pitch coils 
m 0 — 0.5, mi = m 2 = m z = 0.166 (33), (39) and (35) become 
of the four 

(Bi = ( cos 9 —% cos 3 0 + cos 50 + ^ cos 7 6 


10 x d 


9 


25 


49 


(36) 
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which is the field due to one group of coils alone. The wave is 

flattened by the third group of harmonics but all the other 

armonics are peaking values. There is therefore a decided 

gam m such a wave form of flux since it permits of high funda- 
mental flux density. 

The maximum value of flux is approximately 


— fi Q9Q ^ N i i m 
-Dmax — U.SZd ♦ — q — gaus 


(37) 


where d is given in centimeters. 

1.67 Nii, 


B 


max 


• - ' X •'TO ^ 

x d maxwells per square inch, 

with d given in inches. 

For the total winding the resultant induction will be the sum 

° f 1 ’ , 2 ’ and B - we take the symmetrical winding with 
angles between planes of symmetry 

2 7 r 

<P 12 = —^ an< 


cos n Id 


(■ 


cos n ( 6 


(■ 


<Piz ~ 

4 7T 

2 , we have 


cos n 

0 - 1" • _L 

2 + ~ 

~jnd 

2 f 

2 7 r 

\ e jne 


3' 

) a 2 

~j~ a 

4 T 

\ „ t jn0 


3 

/ 2 

+ a - ”' 


n 


n 


~ 

e -jnd 


(38) 


If we multiply these three quantities successively by I ml 
& Tmii CLl m i and add, we have f 


g Jn6 

Bml ^ — (1 "f- 


C<«+») / 


+ 


£—jnd 


X (1 -f- a M + 2 -(- 


) j 


(39) 


S Xf ve odd values from 1 up ’ we find w 


n 

n 


1 (39) becomes ~ J ml e^ Q 

2t 


u 


u 


0 
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n = 

5 

a 

(C 

Li e j5 ° 

» 

n = 

7 

u 

u 

-|/ m i tr* 79 


n =?= 

7 

a 

u 

0 


n = 

11 

a 

a 

| Li v 119 

.2 . 2m t 

— J -rr Sin —« 0 
V 3 3 

€ 

n — 

w 

u 

a 

c\ t • *» 2 77 7T . 

2 Imi sin _ 


We may therefore express (B by 
(B = real part of 


16 Ni Irn 1 
10 7 t d 


rv 


sin n m 0 7 r sin n Wi x (1 — cos n 7r) 


X sin 2 


2 n t 

~ir 



sin 


2 n ir 
3 


« 5 
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It will be obvious that if we proceed around the cylinder in the 
negative direction of rotation at an angular speed w and I m i 
is equal to I m i t jwt , for n = 1 the value of Bi will remain 
constant and real, hence Bi must be a constant field rotating at 
angular velocity w in the negative direction. The value of B may 
be expressed in harmonic form, but in this form it does not illus¬ 
trate the rotating field theory so aptly. The harmonic form is 
given below and is simpler in appearance than (40). 


(B = 


16 Ni irn ! 
10 t d 


/—!— 
\ n 2 


sin n Mo i r sin n m\ 7T (1 — cos n 7r) 


sin" 


2 n 7r 


cos n 


•) 


(41) 


For a symmetrical three-phase motor with full pitch coil 
(w 0 = 0.5 Mi = 0.166) (B becomes 

2 {” s# + S “ s59 + S cos7 « 


+'-jgj- cos 11 6 + -|^g- cos 13 6 + 


• ♦ 


(42) 


169 



1114 FORTES CUE: SYMMETRICAL CO-ORDINATES 


This gives for the maximum 
(B = ^ jj jV ~i imi 

^max —— 1 - 

10 7 T <£ 


induction approximately 

_ 1.29 NrL 
- ^2 -gauss 


where d is measured in centimeters. 
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m. _ 3.28 X Ni 

' max ' Td - maxwell per square inch (44) 

where d is measured in inches and N is the total number of 
turns per pair of poles. 


APPENDIX II 

Graphical Construction for Obtaining Symmetrical Components 

- 1 o h / e /f aphlCal . method for finding the symmetrical components 
a given m the_text_serves as_a geometrical interpretation 



Pig. 18 Graphical Method for Obtaining the Symmetrical Com¬ 
ponents of the Three-Phase Vectors & a ,£ b , E c 


of equation (5), but the graphical method shown in Pig. 18 is 
much simpler and more convenient, the construction is as 
follows. Fmd E and F the centroids of the two equilateral 

^ n » n ^ eS Wlth B C a f base: With 0 the centroid of triangle 
A B C as centre describe the two circles passing through E and F 
then, E 0 extended till it touches the circle through E at the 
opposite end of the diameter gives S al ; E u and E cL are obtained 
by laying of points on the circle 60 degrees from E. Similarly 
if P O is extended to meet the circle through F at the otmosite 
end of the diameter we obtain £ a2 ; and E bi and & 2 are obtained 
by the same construction as before. 

The proof of this construction is as follows: If G and H are 
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the apexes (not shown in figure) of the equilateral triangles 
having B C as base 

0 B 0 C 0 G _— 0 A 0 G __ — E a 0 G 

Oh,-- “3 3 “ 3 


OF 


OB+OC+OH 


OA +OH 
3 


a 2 .0 C 
a . 0 B 
a 2 .0 C 


That is 


Similarly 


and therefor 


— o? (0 D I) C ) 

- a (0 D + D B) - — a{0 D - 
a . OB — — (& + a 2 ) 0 I) “}- (a 

— 0 D + jV*DC 

= 0G 

0 G — — (a Ei + a 2 jS c ) 

OH — — (a 2 E* + a &) 


E« + 0-ff 
3 


DC) 

a 2 ) . D C 


OE 


E a + a E b + a* £ c ■ 
3 


and 



E a -j- os E b + # E c 

.' . 73 ” 



The construction when E a + E& + E c is not zero is so obvious 
that it is not necessary to show it here. ^ . - 

If lines be drawn from E a to E a % E& to E& 2 , E e to E C 2 these 
lines will be parallel to E a ' E b ' and E c ' respectively and will meet 
at appoint O'. The vectors 0'E a 0'E b and O'E c give the 
values of the e. m. f. across each member of a star delta bank of 
transformers when operated on the three-phase circuit S (£> a ) 
with ratios changed so as to give a balanced secondary triangle 
of e. m. f s. 
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Discussion on ‘Method of Symmetrical Co-Ordinates 
Applied to the Solution of Polyphase Networks” 
(r ortescue), Atlantic City, N. J., June 28, 1918. 

;+ 1‘ S1 ®P ian (by letter): During the past eighteen months 
Ar e6 -D ver y S° od fortune to have been in close contact 
., ?' For tescue and to have had many interesting discussions 

, ldeas embodied m this paper. Since I have had so long 
to think over and digest these ideas, I think I may be pardoned 
or going at great length here into the viewpoint I have reached, 
teel all the greater need for a long discussion, because on reading 
. e F a P e .r f see that the great wealth of material to be presented 
n a united space has crowded out much detailed explanation 
ana appeal to analogy, which in discussions with Mr. Fortescue 

have contributed so much to my clearer conception of the ideas 
presented here. 

The method given here had its origin in considering the oper¬ 
ation ot balanced induction machines under unbalanced condi- 
10 ns. sing the coordinates” proposed here, the theory of 
these machines may be given with beautiful simplicity. I think 
1 am right in saying that the utility of the method is practically 
entirely limited to the case of rotating induction machines. 

ure y statiG apparatus tieated in this way does not show any 
simplification. When one considers, however, that almost 
every practical alternating-current circuit contains at least 

nf !rl 0 i a i f• g machine, namely the generator, the broad field 
^pphcation of the method becomes apparent. 

. ^ ^ oot of the ideas given here is old and was given early 
m treatments of single-phase motors. The simple constant 

wen t Sinw^ tUr Tt° f th ^ fluX m a balanced polyphase motor was 
well known. It was discovered that the more complicated flux 

m a single-phase motor could be resolved into the sum of two 

m fl C Jn^?,H Stan p t + !° tati 2 g fluxes of °PP° site rotations, with the 
magnitude of these fluxes not necessarily equal. It was ob- 

eivI e fnHen ’ the J^ al ^ nc e d polyphase states, which would 

£ive independent y each of these rotating fields, were super- 

2 sed ’ , the resultant state would give correctly the currents, 
voltages, torques, etc., of the single-phase motor. For a recent 

CI Mr ‘ ^ ^ 627 ' V0l " M 

th^fliT?^ teSCUe i h L S general 1 ized this method of resolution of 

into tb?^ ?A lyphaSe “ achme under unbalanced conditions 
sum . of fl uxes, each corresponding to a balanced condi- 
riri1 ’ £° a sunilar resolution of an unbalanced system of any 
P^iypi 13 - 8 ^ quantit es whatever. ^ 

. m y discussion here I shall, for simplicity, confine myself 

of unbfll^ ree ?^ Se Ca i! e ' T ° illustrate the resolution of 1 set 

comn^ k t? , e r Ph i Se CUIr ! nts lnt0 symmetrical or balanced 
• +n P tui+i’ c . on f de ^ three arbitrary currents I a I b I c flowing 

CFicr ^ t ^f 11I ^ als ,° f a three-phase, star-connected apparatus. 

[ ,^. r - Tortescue shows that this set of currents may be 

had by adding together the following three sets of currents. 
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Method of Symmetrical Coordinates. First a current I a0 in each 
phase. • These three currents then are all equal and all in 
phase. They combine to give a current in the neutral. Second: 
a current I a0 in phase a , a current a 2 I a 1 , in phase b, and a cur¬ 
rent ahi in phase c, where 



Fig. 1 Fig. 2 

is a cube root of unity. This set of currents is clearly a balanced 
polyphase set of what is called positive sequence. (Fig. 2). Third 
a current I a2 in phase a , a current a I a 2 in phase B and a cur¬ 
rent a 2 i a2 in phase c. (Fig. 3.). This set of currents is clearly 
a balanced polyphase set of what is called negative phase se¬ 
quence. If these three sets of currents be made to flow simul¬ 
taneously in the three-phase apparatus the resultant current in 



Fig. 3 


each phase will be respectively I a , i&, I c • The values of / a0 , i«i, 
7 a 2 are obtained from equations (5). They are: 

Iao = 1/3 (ia + i& + ic). 
iai — 1/3 (ia + dll + a 2 If). 
ia2 — 1/3 (i a + d 2 h + al c ). 

In a similar way, any set of three voltages to neutral acting 
on the three-phase apparatus can be resolved into the sum of 
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three sets of balanced voltages of zero phase sequence, positive 
phase sequence, and negative phase sequence, respectively. 

. The sequence operators, S° , S l and S 2 , which Mr. Fortescue 
introduces, have a close analogy, it seems to me, with the j used 
in the usual treatment of alternating currents. In the elemen¬ 
tary theory, it is found useful to resolve an alternating quantity 
into two components, one in phase with some reference alter¬ 
nating quantity, and the. other component in phase quadrature. 
If i x and i 2 are the magnitudes respectively, of the in-phase and 
the quadrature components, their resultant I, is denoted by 
* 5888 + i?* 2 - Here j may be looked upon as a unit alternating 

quantity in phase quadrature with a reference alternating 
quantity. . Thus,, the equation i — li x + j i 2 states that the 
quantity i may be obtained by adding together i x times a unit 
m phase quantity, and i 2 times a unit quadrature component. 

In the same way, the symbols S°, S l } S 2 may be-regarded as 
umt polyphase vectors* of zero, positive and negative phase 
sequence. Thus S° == (1, 1, 1), if referring to currents, rep- 
resents a unit current in each phase of a three-phase apparatus 
the three currents being in phase with some reference alternat- 
mg quantity. Similarly, S l = (1, a 2 , a) represents a unit 
balanced, three-phase current, of positive phase sequence, in 
the three-phase apparatus, the current in the first phase being 
m phase with the reference, alternating quantity. Likewise 
o —• (1, a , a 2 ) represents a unit balanced, three-phase current of 
negative phase sequence. Thus the equation (15) 5 (/«) = 
o lo + S 1 I al + s 2 

^o2 states that a system of three currents 
£ e Q ua ^ to the sum of three sets of currents, the first set 

being oi the type S , that is of zero phase sequence, the second 
set or the type 5^ that is of positive phase sequence, and the third 
set or type o , that is of negative phase sequence. The three 
currents of any set are obtained by multiplying the three cur¬ 
rents of the corresponding unit polyphase vector by the complex 
^ antlt y indicated. _ Thus the currents in the second set are 
obtained by multiplying the three currents, 1, a 2 , a, respectively, 

,, F" e utili \y resolving three-phase currents and voltages in 

fVii'o f Wa /’ + ^ en a PP^ le< ^.^° rotating balanced machines, lies in 
„ f a symmetrical set of voltages of any phase sequence 
PP^ d to machine will produce a symmetrical set of currents 
of phase sequenc J’ aad that a symmetrical set of currents 

s^metnvTJtnf+ nCe ^°T m ^ int ° the machine wil1 produce a 
ThfsTart k llf ? term . lnal voitages of the same phase sequence. 

1 his fact is well known m the theory usually given of balanced 

it it seldom explicitly steiS 
uther methods of dividing a set of unbalanced three-ohase 
quantities acting on a bal anced machine into components would 

f0rtUn f e term is due to Mr. C. T. Allcutt and expresses the 
dea of the paragraph most succinctly. 
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not have this simplicity. For example: suppose the three actual 
currents in the three phases, and the three actual voltages of the 
terminals relative to neutral were taken as the components or 
coordinate of the currents and voltages. Then one component 
of current alone, that is a current in one phase only, would 
not produce only the corresponding component of voltage, but 
would produce voltages in all three phases. 

Neglecting saturation, for a given rotor speed, the symmetri¬ 
cal currents produced in a balanced machine by symmetrical 
applied voltage, are proportional and in a definite phase relation 
to the symmetrical applied voltage. Thus the currents may 
be obtained by multiplying the individual members of the sym¬ 
metrical set of applied voltages by some complex number. Sim¬ 
ilarly, a symmetrical set of currents flowing into a balanced 
machine produces a symmetrical set of terminal voltages which 
may be obtained by multiplying the individual members of the 
symmetrical set of currents by some complex number. The 
first complex number could be called the symmetrical admit¬ 
tance of the machine, and the second the symmetrical impedance. 

This symmetrical impedance and admittance will be different, 
of course, for symmetrical components of different phase sequence. 
Thus for a star-connected, ungrounded neutral machine, the 
admittance for symmetrical voltage of zero phase sequence will 
be zero; if the neutral is grounded, the impedance to zero phase 
sequence current will be principally the leakage reactance be¬ 
tween phases; if the rotor is running near synchronism in the 
sense of positive phase sequence, the impedance Z i to positive 
phase sequence current will be large, while the impedance Z 2 to 
negative phase sequence will be small. The complete expres¬ 
sions for these impedances Z h Z 2} are given in equations (122), 
(123). The relations between current and voltage components 
are given in equations (120) and (121). In these four equations 
is concentrated the whole theory of symmetrical machines 
operating under unbalanced conditions. But so simple are these 
equations and their physical meaning so clear, that once under¬ 
stood, they enable us to predict qualitatively, without com¬ 
putation, the behavior of rotating balanced machines under any 
unbalanced condition whatever. 

Consider, for example, the simple picture of the action of a 
phase balancer which the above treatment gives. The balancer 
is merely a balanced machine across the polyphase line running 
near synchronism. It offers high impedance for the symmet¬ 
rical voltage of normal or positive phase sequence, but offers a 
very low impedance for any negative phase sequence component 
of voltage. Thus the negative phase sequence voltage is 
‘ ‘short-circuited out,” and balance on the line is preserved. 

The harmful effects of slight unbalance in the terminal voltage 
of a polyphase machine upon the machine’s rating is also clearly 
shown. Since the negative sequence impedance is very low, a 
small negative phase sequence voltage will produce large negative 
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phase sequence currents with their attendant heating. This 
suggests a better quantity to denote the degree of unb alan ce of 
a line than the one commonly used. It is the ratio of the nega¬ 
tive phase sequence component of the line voltage to the positive 
phase sequence component. 

nn!ri+!bi nCeC + ^ationary ,apparatus also enjoys the simplicity 
^ out , + m balanced rotating machines, namely that sym- 
, tages of any phase sequence produce symmetrical 
fnr ^ncf+-° f the , same P ha se sequence, but here the impedances 

TiL P0SltlV t and negatlve . Phase sequence are always the same. 
Tb ? zero phase sequence impedance is generally different. 

PE I St0 unbalanced apparatus; things become more 
ompiicated. Symmetrical currents of one phase sequence no 

tn+ff 1 " pr ° du f e e ' In ' ^ s ' ^hat phase sequence alone, but the 
t -> 5 1- s ' are uns ypametrical and contain components of 

sequences. Let consider in detail an unbalanced 

danc™be < Z nC |; z^ gTOUnded neutral - Let the phase impe- 

, us first ^dy the e. m. fs. to neutral produced by a 
rp _? p J se sequence current. • If I a0 , J o0 , I a0 , are the three cur- 

l he three e - m : fs - are Z a I a a, Z b I a 0 , ZJ a o . Resolving 

enufltinWKf'+w 5' mt ° s 1 ymn } etnca l components, we find by 
quations ( 6 ) that the zeroth order component is: 


1 

3 


(ZJ a0 + Z‘ b Iao+ ZJao) = j (Z a + Z t + Z c ) loo 


The positive phase sequence components will be: 

* ( ' ZJa0 + aZhI ™ + a2 ZJao) = i (Za + aZ b -f a 2 Z e ) I a0 
The negative phase sequence component will be: 

I (ZJao + aP-ZJao + aZJ ao ) = J (Z a + a 2 Z b + aZ c ) / a0 

wri tten-^ t0tal 6 ' m ‘ f ' USing the symbols S ° S ’ & would be 

E i(Z* + aZ b + a?Z c )I ao \ + 

[ 3 (Za + a 2 Z b + aZ c ] I a0 = S° ( Z a J ao ) + S' (Z a J ao ) 

+ S 2 (ZaJao). 


Where Z 00 

Z.i 
Z ( ,2 


I (Za + Z b + Z c ) 

\ (Z a + aZ b + a 2 Z c ) 
3 (Za “f- oP“Z b T aZ c ) 


C °” S ! d < i r . th r e ' l ' S - P vm ai? the 
Zoala? ents ’ J “> a Ial ’ They will be Z 0 I al , Z b a 2 I a i 

f yStem ° f em ' fs - int0 symmetrical components. 
6 nnd for trie zero phase sequence component! 

I (Zalai + z b a 2 l al + Z c al al ) = i (Za + a 2 Z b + aZ c ) J al = 

ZaJal 
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For the positive phase sequence component we find 

i (. Zahi + aZ h a*I al + a 2 Z c aI a i) = f (Z a + Z 6 + Z e ) I a i - 

ZaO^al 


For the negative phase sequence component we find 
| (Z a I al + a 2 Z h a 2 I al + aZ c aI al ) = i (Z a + + a 2 Z c 



Z.Ai 


Lastly, consider the e. m. f.’s produced by negative phase 
sequence currents, I a 2 , d I a 2 , a 2 7 a2 . The zero phase sequence 
component will be 

i (Z a I a2 + Z b al a2 + Z c a 2 I a2 ) = \{Z a + aZ 6 + a 2 Z c ) J« 2 = 

Z a \Ia2' 

The positive phase sequence e. m. f. component will be 

(Zal a 2 + aZ b (tIa 2 + a 2 Z c a 2 I a 2 ) = 3 (Z a + & 2 Z& + #Z C ) 7 a2 = 

Z a2 I a2 . 

The negative phase sequence e. m. f. component will be 
^ (Z a I a 2 “j~ d 2 ZidI a 2 “1“ dZ c d 2 I a2 ) = J (Z a -|” Zt ”f" Z c ) / o2 = 

Z a0 /a2 


The components of voltage are then expressed easily in terms 
of the quantities Z a0 , Z a i, Z a2 , defined in equations ( 8 ). 

Let us bring these results together in tabular form where the 
relations between them can be observed. 


Currents 

Voltage Components 

S° or zero 
phase sequence 

S 1 or positive 
phase sequence 

S 2 or regative 
phase sequence 

Zero phase sequence, 

S° {lac) = {ho lac he) 

c* 

0 

0 

ZaNao 

Za2lao 

Positive phase sequence, 

S 1 {I a l) = (I ah a 2 Ia U a hi) 

Zathl 

Zaohl 

Z all al 

Negative phase sequence 

S 2 (/.a) = (Iat, ah 2, a 2 I a2 ) 

Z all a2 

nr 7 

" a 2 * a2 

Zaolao 


Studying the table above, we see that each symmetrical 
component of current gives rise to symmetrical voltages of all 
three phase sequences. We notice first the e. m. f. component 
which is of the same phase sequence as the current by which it 
is produced, is obtained by multiplying the producing currents 
by Z ao . That is the unbalanced apparatus may be said to have 
one component of impedance, Z ao , which gives e. m. f. ’s of the 
same phase sequence as the currents, This component of im¬ 
pedance does not change the exponent of the S symbol defining 
the phase sequence of the currents. Thus Z a0 alone correspond¬ 
ing to the currents 5° (7 ao ) gives the e. m. fs. S° ( Z a iI ao ); corres¬ 
ponding to the 
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Currents S’ (I a i) gives the e. m. fs. S’ (Z ao hi) ; and corres¬ 
ponding to the 

Currents S 2 (I a 2 ) gives the e. m. fs. S 2 (Z 2 h 2 ) • 

Now let us examine how Z a i enters in the above table. Cor¬ 
responding to the zero phase sequence. , . 

. Currents S° ( ho ) we find the e. m. fs. S l ( Z a J a o ) of positive 
phase sequence. Corresponding to the positive phase sequence. 

Currents S 1 (hi) we find the e. m. fs. S 2 (Z 0 l I al ) of negative 
phase sequence. Corresponding to the negative phase sequence. 
Currents S 2 (hi) we find the e. m. fs. 5° (Z„iI o2 ) of zero phase 

sequence. . . • , , _ 

If we agree now to the following definitions of the symbols 0 

when affected with higher exponents: 


S 3 = S°; S 4 = S 1 ; S 6 = S 2 ; S 6 = 5°; S’ = S l ; etc. 


We see that the way in which Z„i terms enter can be summarized 
in this way: 

The unbalanced apparatus has a component of impedance, 
Z ah which increases'the exponent of the phase sequence symbol 


by unity. 

Lastly, let us see how Z o2 enters the above table 
that: 

Currents S° (I 00 ) give e. m. fs. S 2 (Zaiho). 
Currents S 1 (hi) give e. m. fs. S° (Z a ihi)- 
Currents S 2 (I a 2 ) give e. m. fs. S’ (Z o2 / o2 ). 


We find 


This may be summarized by saying that the unbalanced appara¬ 
tus has a component of impedance Z a2 which increases the 
exponent of the sequence symbol by two. 

All these results will be obtained automatically if we suppose 
that symbols S°, S\ S 2 , aie attached respectively to Z ao, Z.i, Z<j 2 , 
and when multiplying the current components, S° (ho), S 1 (hi), 
•S 2 (J o2 ), the exponential laws hold. Thus: 

S° (Z ao ) S° (ho) = s° (Zoo Iao) : S 1 (Zai) S° (ho) 

S° (Zoo) s 1 (hi) = S’ (Zoo hi) ; S l (Zoi) s° (Ioi) 

S° (Zoo) s 2 (I02) = 5 s (Zoo hi ); S’ (Zoi) s 2 (ho) 


S’ (Zoiho). 

5 2 (Zoihi)- 

5 3 (Zoi Ioi). 

s° (Zoi hi). 


S 2 (Zoi) S°(ho) = S 2 (Zoil00) 

S 2 (Zoi) S’(Ioi) = s 3 (Zaihi) = S°(Zoihi) 

S 2 (Zoi) S 2 (Iol) = S 4 (Zaihi) = S’ (Zolhi) 

The whole result can be expressed by writing the total imped¬ 
ance, S(Z a ) = S° Zoo + S 1 Z a l + S 2 Zal- 

To get the e. m. fs. corresponding to any currents, we multiply 
together , the total impedance by the total current, following 
merely the rules of algebra, and interpreting higher powers of S 
as described above. Thus we get: 


S(Ea) = S(Z a ) S(Io) 

= (S°Z ao + S’Zai + S 2 Zoi) (S°ho + S’hi + S 2 hi) 

— S° (Z aoho + Zailal + Z a il a l) + S’(Zoo hi 

+ Zalho 4 " Zailal) + S 2 (Zaohl + Z a lhl _Z a lIao) 
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We get here the foundation of a complex three-phase algebra, 
which performs the same functions for three-phase systems as 
the usual complex quantity does for simple alternating current. 

This leads to another interpretation or mode of viewing the 
sequence symbols, 5°, S 1 , S 2 , and here again we may profit by 
analogy with the j in the complex algebra of simple alternating 
quantities. Suppose i is a current in phase with some reference al¬ 
ternating quantity. If this current flows through a resistance r. 
the resulting e. m. f., ri is also in phase with reference alternating 
quantity. If the resistance is of unit value the resulting e. m. f. 
is i. Suppose, however, that the current flows through a 
reactance whose impedance is x ohms. The resulting e. m. f. 
will be x I in magnitude, but it will be in phase quadrature with 
the reference alternating quantity. This is taken care of in the 
usual theory by affecting the expression for the reactance with a 
j , thus xj, and making j have the property that when multiplying 
a vector or alternating quantity it does not change the value of 
the vector but merely advances its phase by ninety degrees 
This is a different meaning fiom what was given before, j here 
no longer represents a unit vector or alternating quantity. It 
now represents an operator, or a symbol for advancing the phase 
of any vector which it multiplies. Where j by itself is referred 
tc as a vector, it should be understood that ji is meant; where 
i is a unit vector in phase with the reference vector. 

It is clear that operating twice successively by j upon a vector 
merely reverses the phase of that vector. Thusj (j.i) = — 1, 
which leads to the rule of multiplication J 2 = -1. Lastly, we 
see that the e. m. f. induced by a current flowing through an 
impedance may be obtained coirectly both in phase and magni¬ 
tude by multiplying the current by a number of the form r + jx, 
which iepresents the complete impedance. Thus the complex 
algebra of simple alternating quantities is born. 

We may attach significance as operators in a similar way to 
the symbols 5°, S l , S 2 . Now they shall no longer represent poly¬ 
phase vectors, but shall merely be operators which when written 
next to a polyphase vector, change it into a polyphase vector 
of another phase sequence. The quantities which the S’s affect 
shall be considered as polyphase vectors. Thus the symbol I 
shall stand for three currents, each equal to Z. Operating on I 
with S° means multiplying each of these currents by unity. 
Thus S° is a unity operator and does not change the polyphase 
vector upon which it operates. A separate symbol for it might 
have been omitted. 

S 1 1 or S l operating on I, means that the three currents 
I, Z, Z, are to be multiplied by 1, a 2 , h, respectively; or that the 
first current is to be unchanged, the second to be advanced in 
phase by 120 deg. and the third by 240 deg. S' by itself shall 
not mean anything unless it is understood to be followed by 1 
in which case it stands for the unit polyphase vector of positive, 
rotation obtained by operating with S l on the three currents 
( 1 , 1 , 1 ). 
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Similarly, S 2 I or S 2 operating on I, means that the three cur- 
rents I, I, /, are to be multiplied by I, a , a 2 , respectively; or 
that the first current is to be unchanged, the second advanced 
in phase by 240 deg. and the third by 120 deg. S 2 by itself 
shall not mean anything unless it is understood to be I, in 
which case it stands for the unit polyphase vector of negative 
phase rotation obtained by operating upon the polyphase quan¬ 
tity (7, I, I). 

With the meaning now given to S°, S\ S 2 , it at once follows 
that they satisfy the law of exponents. For example, S 1 ( S l I) 
means leave the first cuirent I unchanged ; advance the second 
current J, in phase by 120 deg., and then again by 120 deg; 
advance the third cuirent, /, by 240 deg. and than again by 
240 deg. It is clear that the final results are exactly the same 
as the results of operating with S 2 on I. Also it is clear that 
multiplication by an operators and a constant Z is commuta¬ 
tive. Thus ZS l I = S l Z a il. This serves as the foundation of 
the complex three-phase algebra. 



In the complex algebra of simple alternating quantities, it is 
easy to give an illustration of the operator J as in impedance. 
In fact, a reactive impedance of one ohm gives for any current 
an e. m. f. which may be obtained from the current by multi¬ 
plying by J. Can we similarly illustrate the three operators 
5 °, S\ S 2 . 

S° , of course, is easy. Take a grounded star of resistances, 
each of one ohm. Then we find for the currents S° (I) = (I, I, I) 
the voltages, (I, I, I) = S° I; for the currents S 2 ( I ) = 
(I, al, a 2 I) the voltages (I, al, a 2 I) = S 2 I. 

Now for S\ Take a grounded star in which the impedance 
of phase a is 1 ohm, of phase b, (— | J V3/) ohms = a 2 ohms, 

and of phase c , (— | i VsJ) ohms = a ohms. Now we 

find for the currents S° (J) =. (I, I, I), thee. m. fs. (I, a 2 I , al) = 
S 1 / = S l ( S°I ) for the currents 5 1 (I) = (I, a 2 J, al) } the e. m. fs. 
(I, al, a 2 I) = S 2 I = S' (S'I); for the cuirents S 2 (I) = 
(/, al, a 2 1), the e. m. fs. (I, I, I) = S°I = (S 2 I). Fig.5. 

Lastly, S 2 . Take a grounded star in whichjbhe impedance of 
phase a is 1 ohm, of phase b, (— \ + \ V3 \j) ohms, and of 
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phase c, (—§ — | V3/) ohms. Then we find for the currents 

5° (7) » (7, J, J), the e. m. fs. (7, a/, a 2 /) = S 2 7 = S 2 S°I ; 
for the currents 5' (7) = (7, a 2 7, al) the e. m. fs. (7, 7, J) = 
5°I = S 2 S'I ; for the currents S 2 (7) = (7, al, a 2 7) the e. m. fs. 
(7, a 2 7, a7) = S l I = 5 2 5 2 7.^ Fig. 6. 

In these examples, negative resistances appear. This is not 
surpiising, as it is clear that unbalanced apparatus, when cur¬ 
rent of one phase sequence flows, may feed energy into impressed 



e. m. fs. of another phase sequence. The negative resistance 
may be represented physically by a series commutator a-c. 
motor, driven at constant speed in the opposite of its motoring 
direction of rotation. 

The resolution of an arbitrary three-phase star impedance 
into its three-phase components is merely the problem of finding 
three three-phase impedances of the S°, S 1 and S 2 type, respec¬ 
tively, which put in series as in Fig. 7 will reproduce the given 
three-phase star. 


ao 




s°z ao 


"v. 00000000 r- 


a 2 Z 

aZ 


S 1 Z 


^a2 

aZ 

a 2 Z 


ai 

Fig. 7 


S 2 7 



It is clear that admittances may be treated in the same way 
as impedances above. Thus the general three-phase admittance 
may be written in terms of its components, thus: 

5 (F a ) = 5°F ao + + 5 2 7 a2 

The currents produced by a general three-phase voltage S (E a ) 
« S°E a o + S l E a i + S 2 E a2 will be: 



1126 


SYMMETRICAL CO-ORDINATES 


[June 28 


5 (la) = ( S°Y ao + S 1 Fax + S*Y a2 ) (S°E ao + S l E al + S*E ai ). 
= S° (Y E a o + YalEa2 + F o2 -Eal) 

+ S 1 ( Y a oE al + Y al E ao + Y a2 E a2 ) 

+ S*(Y a o jEo2 + Y a \E a l 4" YalEao), 

In the complex algebra of simple alternating currents we pass 
formally from an impedance R + jx to the corresponding 

admittance by taking the reciprocal, - -j- .— and multiplying 

r T" JX 

numerator and denominator by r — jx to reduce it to 
the standard form. 


Thus 


_ l_ 

T ~f" Jx 


X 


r—jx 

r—jx 


r 

r 2 + x 2 



x 

y2 /v*2 

/ As 


Similarly in this three-phase complex algebra we obtain the 
admittance corresponding to an impedance S°Z a o + S l Z a 1 

1 

4~ <5 Zq 2 by taking the reciprocal ~<^o ^ j ~iS^Z | ~SZ * But 

now to reduce to standard form we must multiply numerator 
and denominator by 

5° (Zac + aS l Z al +a 2 S 2 Z a2 ) (S°Z ao + a 2 S l Z al + aS 2 Z a2 ). 
Thus: 

1 S°Z ao + aS l Z a i + a 2 S 2 Z a2 

S°Zao + 5 1 Z o1 + S 2 Z a 2 * S°Z ao 4 aS l Z al + a 2 S 2 Z a2 ' 

S° Z ao + ot&Zai 4- aS 2 Z a2 
S° Z ao 4 - a 2 S l Z al + aS 2 Z a2 


S° (Z a o 2 + a 2 Z al Z a2 4~ aZ al Z a2 ) 4~ S^{cL 2 Z ao Z a i 4” &Z ao Z a \ 4~ Z 2 a2 ) 

4" S 2 {a 2 ZaoZ a 2 4* Z 2 0 i 4“ dZ a oZ a2 ) 
- - 


6 10 {Z\o Zql Zq 2 ) 4~ S 1 (Z 2 q 2 ^ ZqQ Zg j) 4“ (Zj* l ~ ^ flQ 

S°(Z S ao 4“ Z 3 ai 4“ Z 3 a2 — 3 Zao Z a \ Z a2 ) 


Remembering that S° is an operator which does not change 
the quantity upon which it acts, and therefore that a symbol for 
it might have been omitted, we may leave off the S° in the 
denominator and get for the final admittance: 


S (F a ) 


Z 2 


ao 


Z a i Z o2 


Z 3 ao 4~ Z\ 1 + Z 3 a 2 — 3 Z ao Z a \ Z a 2 




_ Z 2 o2 - z ao z al _ 

Z 3 ao + Z 3 al + Z 3 al - 3 Z 0 „ Z al Z a2 


+ S 2 


Z 2 , 


al 


Z ao Z, 


a2 


Z 3 ao + Z 3 ol + Z 3 a2 - 3 Zao z al Z o2 
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The principles just enunciated enable us tp put together three- 
phase apparatus and calculate the resulting three-phase com¬ 
ponents just as is done in single-phase apparatus. For apparatus 
in parallel, we add admittances; for apparatus in series we add 
impedances. 

So far, in the static apparatus considered, the mutual induc¬ 
tance between “legs” of the three-phase apparatus has been 
assumed zero. When these mutual inductances are not zero, 
things become more complicated. A three-phase apparatus 
with grounded neutral is, of course, a four terminal network, and 
as is well known, in the most general case would require 
4X3 

—= 6 complex constants to characterize it under steady 


state conditions. It is clear that a complex three-phase expres¬ 
sion S° Z ao S l Z a \ ^ 2 Zi2 depends on only three complex 
constants, and hence cannot represent the most general three- 
phase apparatus. 

The relations between the symmetrical components of voltage 
and current on the general static three-phase network are given 
in equations (25). One way of summarizing these equations 
would be to say that the three-phase apparatus has three dif¬ 
ferent impedances for the three phase-sequence currents. Thus 
the impedance to zero phase sequence current as given by 
equations (25) is: 

S° ( Z aa 0 4- 2 Zbco) 4-£ l (24a 1 Zbc l) + S 2 (Z aa 2 — Z*, c2 ) J 

the impedance to positive phase sequence currents is 


•S° ( Zaao Zbco) 4” S 1 (Z a al 4" 2 Zbcl) 4“ S 2 ( Zaa2 Zb d) ) 


and the impedance to negative phase sequence currents is 
5° (Z aa O - Z 6c o) 4- S 1 (Zaal ~ Z hcl ) + £ 2 (Zaal + Z &c2 ), 


Another way of summarizing the equations (25) would be to 
say that the actual three-phase apparatus is equivalent to a 
three-phase network having the three-phase impedance 


S°(Z aa0 ~ Zbco) 4" S 1 (Zaal ~ Zbcl) 4" S 2 (Z aa 2 Zbcz ), 

in series with a network whose impedance to zero, positive and 
negative phase sequence current are respectively, S° 3 Z 6c0 ; 

*S X 3 Zbci’, S 2 3 Zbc2- 

With the ideas developed in this paper, solutions of problems 
on symmetrical rotating machines with unbalanced static appa¬ 
ratus may be worked with comparative ease. As an example 
I shall consider the case of a generator, with ungrounded neutral, 
acting on a given star load, of leg impedances, Z a , Z&, Z c . Sup¬ 
pose the machine is symmetrical, i. e., non-salient poles, and a 
damping squirrel cage on the field. In this case the generator 
has an impedance Zi to positive phase sequence current, and a 
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small impedance Z 2 to negative phase sequence currents. The 
positive phase sequence impedance Z 1 is what has been called 
the synchronous impedance of the machine such that if E is the 
no load voltage, E - Zj is the voltage on a positive sequence 
balanced load I. The problem is to find the currents and volt¬ 
ages on the load, and the voltage between load neutral and 
generator neutral. 

We have given that I a0 =0. 

We calculate the impedance drops of positive phase sequence 
and put their sum equal to the generated positive sequence 
voltage. Thus: 

Zi Ial + Z a o I a 1 + Z a 2 I«2 = E. 

Similarly, since the generated negative phase sequence voltage 
is zero, 

Z 2 Ia2 4 " Z a i I a l 4 “ Z a0 I a 2 = 0 . 


Solving for I a 1 and I a 2 


Ial = E 


Z 2 4" Z 


a 0 


Z\ Z<L 4” {Z 1 4“ Z 2 ) Zao 4" Z 2 ao Z a 1 Z a 2 


Ini — E 


'al 


02 Z\ Z<L 4” (Z 1 + Z 2 ) Zao 4" Z 2 ao Z a 1 Z a 2 

The terminal voltages will be: 


Eax = E- Z X Ial = Zaolal + Z a2 J a2 = E 


Zjzo_CZ 4" ^ 2 ^ ao 

0 


_ 7 T 

a2 _ — Z/2 ii 


2 -U2 


Z a i Zal 4“ ^ao 


a2 


£ 


Z,Z 


2 


0 


The voltage between load neutral and generator neutral will 


be: 


E a0 — Z a \ Ia2 4” Z a 2 I a 1 — E 


ZSgi 4" Zg2 4" Z<i Za2 
D 


A special case of interest is where Z& — Z c are zero, that is, a 
single-phase short circuit. We then have: 


<ao 


1 7 
3 


Z tt 1 = | Z o1 


Z.2 = I Z a 


Ial = £ 


(Z a + 3 Z 2 ) 


3 Z, Z 2 H - (Zi + Z») Z a 


l 


a2 


£ 


Zj 0L 


3 Zi Z 2 + (Zi + Z 2 ) Z 0 . 
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JEtjQ ( i *“ jE » 


z 2 z a 


3 Z x Z 2 “f* (Zi -j- Z 2 ) Z a 


E fl 2 = E . 


Z 2 Z tt 


3 Z x Z 2 + (Zx + Z 2 ) Z a 


E 


ao 


E 


z,z a 


3 Zx Z 2 + (Zx + Z 2 ) Z a 


If just previous to the single-phase short circuit the generator 
was unloaded, Z a becomes infinite and our final results are: 


L 


al 


l 


E 


a 2 


Zx + z 2 


E a l 





Z 2 

Zx + Z 2 


If the generator above did not have a damper winding on the 
field, it would be an unsymmetrical machine having a single¬ 
phase rotor. As we know, the theory of unsymmetrical rotating 
machines is of considerable complication. Mr. Fortescue has 
promised a treatment by these methods of the general unsym¬ 
metrical rotating machine in a future paper, which I look 
forward to with great interest. 

C. P. Steinmetz: In dealing with calculations or investi¬ 
gations of polyphase systems, or, as usually the case, three-phase 
systems, the difficulties which we meet are not so much mathe¬ 
matical difficulties, but are what I may call mechanical difficul¬ 
ties. The, equations, while mathematically not complicated, 
lead to expressions which are so complicated and extensive in 
form as to make any such calculations extremely difficult. 

In dealing with the balanced polyphase system, this difficulty 
has been overcome by the introduction of the equivalent single¬ 
phase system, by considering the polyphase system as resolved 
into a number of single-phase systems, each comprising the 
circuit from one of the phase wires to the neutral point of the 
system. This method however, fails in the unbalanced poly¬ 
phase system—and naturally practically all existing commercial 
polyphase systems are more or less unbalanced—and the theory 
of the vector method given to us today in a more extensive 
description by Mr. Fortescue, gives the solution by showing us 
in the case of the general three-phase system that it can be 
resolved into two balanced three-phase systems of opposite phase 
rotation. We can apply the same plan to other polyphase 
systems. • 

V. Karapetoff : Mr. Fortescue deserves the gratitude of the 
profession for bringing out a new method for numerical eompu- 
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tations in unsymmetrical polyphase systems, and also for 
applying the method to a number of practical cases. 

Expressions (4) represent the result of solution of certain 
equations, which equations unfortunately are not given in the 
paper. The expressions quoted are unnecessarily involved, and 
it is difficult to see their method of derivation. Moreover, 
it may be shown that they do not represent the most general 
case of resolution of an unsymmetrical system of vectors. The 
following procedure would seem to be preferable. 

Definition. A multiple-angle symmetrical polyphase system of 
vectors is defined as one in which the vectors are numbered not 


consecutively, but skipping a certain 
number of vectors. Thus, Fig. 8 
represents a triple-angle seven-phase 
clockwise system, because three angles 
are comprised between phase 1 and 
phase 2, and also between phase 2 
and 3, etc. Such a generalization of 
the concept of polyphase systems is 
useful when the number of phases 
and the number of angles skipped are 
prime numbers, so that all the phases 
may be numbered consecutively, 
without omitting or repeating any. 
If the total number of phases n is a 
prime number, then the total num- 



Fig. 8—A Trifle-Angle 
•Seven-Phase Symmetrical 
System 


ber of possible combinations or 

multiple systems is (n — 1), the angles between the consecu¬ 


tive phases being 2 X 1) 

n n n 


It is 


assumed that the numbering in all the systems is either clock¬ 
wise or counter-clockwise, so that there is no confusion between 
a positive and a negative phase sequence. 

Theorem 1. An arbitrary system of n unequal and unsym¬ 
metrical vectors ,without residue, may be represented by (n— 1) sym¬ 
metrical multiple w-phase systems. A system without residue 
is defined as one in which the sum of the vectors is equal to zero. 

Let the given vectors be E 1} E 2 .. E n , and let the (n - 1) 

unknown systems be denoted by A, B, . . . M , where A is a 
single-angle system, B is a double-angle system, etc. It is 
required to prove that the following equations are consistent 
and may be solved for A, B, . . . . . M: 


Ei A\ B x + . . . + Mi 
E 2 = A 2 + B 2 M^ 


E n — A n + B n M n 


These equations correspond to eqs. (4) in Mr. Fortescue’s paper 
when 2 E = 0. In order to preserve the same conventions as in 
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the original paper, the component systems are assumed to be 
numbered clockwise (though the vectors are rotating counter¬ 
clockwise). Then if a is an operator which rotates a vector by 
an angle 2 ir/n counter-clockwise, the preceding equations 
become 


A i 4* B i 4 
a ' A i + a 


A VI I 

4- . . . 4- u Mi 


* » # * » » < ’ ’ ****** “• 
yj | -»j~ (n 


,{«,-!) ( n 


These n equations contain (» — l) unknown vectors A u &u • * * 
Mi, but only f n — 1) equations are independent of each other, 
because of the condition 2J E ^ 0. To solve for A j multiply 
the second equation by a t the third by a\ etc. and add them 
together. The result is 

nA i « Ei + a E, + . . . + a"-* E n (3) 

This checks with the second line of Mr. Porteseue’s equations (4) 


. l . f ,u (»- 1 ) p 

,. * » « | f\ * * # * * 

( || „«u J | ( fl | 1/ 

4 • * * • I* *.■*** 

‘cause equation (2) can be solved 


This ehe< 

eks 

with the sec 

By analogy 

we obtain 

n 

B i 

rr. /{j ft? 

and 

n , 

Ah 

j q* n n 

The thee 

>rer 

n is thus pr 

for the ( 


I} tin know 


Theorem 2. Referring to theorem 1, if the given system of 
vectors has a residue, say, equal to a vector R, this residue may 
be split into n arbitrary vectors, pt, Pi, • • • p«. in phase or out 
of phase with one another, and equations (1) become 

Ei ~ pi + A i 4* B i +.4" Mi 

Et ~ pi 4" A 2 4 B'i +.4“ Mi 1 /»\ 


2 — pt T. Jri 2 .r ■* 4 2 l * * » * * 

t * .* *■ ***•#» * * « * * * * * * * * * * " * * * 

'ft 885 Pn + A n + Bn + .... 


* * * •>««»♦ 


/£„ « p„ + ^1» 4- 4-.+ M* j 

This proposition follows at once from the fact that the vectors 
(Ei — pi), (Et — p a ). etc. form a system without residue, so that 
theorem 1 applies to them. Mr. Fortoscue considers only a 
particular case when 

pi = p s “ . . . . “ p, ” /V« 

~ (F i 4* Et + ■ • f'-n) /ft (7) 


and writes this expression as the first term on the right-hand 
side in all the formulas of his equations (4). This is perfectly 
justifiable in so far as he is after a symmetrical solution, but 
there may be practical cases in which a more general representa¬ 
tion according to equations (6) is preferable. In this case the 
expressions (/£, - pi), (Ei~ pi), etc. must be used in equations 
(3) to (8), instead of Eu Et, etc. 

The net result is that only a system without residue may be 
resolved in a perfectly definite manner, while a system with a 
residue first must be converted into one without residue by 
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subtracting arbitrary parts of the whole residue from each 
vector. 

With a three-phase system the double-angle component simply 
becomes a three-phase system of an opposite phase rotation, so 
that it is not necessary to introduce the question of multiple- 
angle systems. From a practical point of view the paper would 
gain much if the author would begin directly with the three- 
phase system on the basis of his equations (6), and leave the 
general consideration of ?z-phase systems for the end of the pape*. 
For reference purposes one would not have to study the general 
theory and perhaps get discouraged before obtaining the required 
bit of specific information. 

The introduction of the sequence operator S does not seem to 
be necessary, at least for the three-phase system. A proper 
cyclic notation should accomplish the same purpose with much 
less theory and much less writing. As a matter of fact, the 
index of S may be obtained correctly from the subscripts in the 
expression to which it refers. For example, in Mr. Fortescue’s 
formula (22) on the first line the sum of the subscripts of Z I is 
1 + 2 = 3, and the order of S is 3 or, which is the same, 0. On 
the second line the sum of the subscripts of Z 7 is 1 +0 = 1, 
and the order of S is 1. The same is true for all the fundamental 
formulas on pp. 1038 to 1042 as well as in applications. Therefore, 
it would seem that the operator F ought to. be dropped, and the 
formulas so rewritten that they would apply to any phase of the 
system in cyclic rotation. 

The fundamental formula (21) will then simply become 

K Z- 7 + W+ 7_+ W— I ( 8 ) 

Here E, Z, and I apply to any of the three phases, 7+ is the cur¬ 
rent in the next consecutive phase, and 7_ is the current in the 
preceding phase. For example, if E, Z, and I refer to phase 
b, 7 + refers to phase c and 7- refers to phase a. At the same 
time the equation is so written that any of the three phases mav 
be taken as the phase under consideration. W + and V are the 
corresponding mutual reactances. 

When the mutual inductance between a primary and a second¬ 
ary polyphase circuit must be considered, Fortescue’s equation 
(28) applies, and in the simplified cyclic notation it becomes 

E — X J + X+J+ + X —7_ (9) 

^+^he secondary currents in the three phases. 
The letter X is used instead of W to indicate that the mutual 
inductance is between the phases of the primary and the second- 
ary circuit. X without subscript covers the combinations of 
the corresponding” phases a - u, b - v, and c - w, while X+ 
refers to the combinations a — v, b — w, c — uoi the phases “tied 
one forward”, and Xl refers- to the remaining combination of 
tn6 pnases tied, two forward. , or u ticd. otic backward/** 

Each of the quantities in equations (8) and (9) may be rep- 
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resented by means of symmetrical coordinates in a general 
manner, without specifying phases a, b and c. Thus, 

I — I(, + Ip + I n 

I -f ~ Iq “f~ a Ip "h a 1 I n 

I— ~ la 4" or 1 I v -f- a I n 

Similarly, 

W+ = Wo + aW P + a- 1 W n (H) 

The first equation (10) refers to any phase, and states that the 
current in that phase is a sum of the residue current la, plus the 
vectors I p and /„ of the symmetrical coordinates of the same 
phase. The subscripts p and n refer to the systems of positive 
and negative phase rotation respectively. In an w-phase system 
subscripts 1, 2, 3, etc. should be used in place of p and _„, to indi¬ 
cate single-angle, double-angle, triple-angle, etc. coordinates. 

Substituting expressions such as (10) and (11) into equations 
(8) and (9) one obtains comparatively simple polynomials with 
three groups of terms: those without a, those multiplied by a, 
and those multiplied by a~K These final expressions give the 
coordinates of E, and are the fundamental equations upon 
which all applications should be based, without any need for the 
sequence operator 5. 

Incidentally, I believe that the expression “symmetrical 
components” is a more correct and descriptive term of the 
method than the term “symmetrical coordinates”, and I should 
like to see it so changed while it is not too late. 

I also suggest that the term “mutual reactance” be used 
throughout the paper in place of the “mutual impedance”. The 
latter term implies a combined resistance and inductance action, 
while the formulas in the paper seem to refer to the magnetic 
inductive action exclusively. If the resistance component is 
intended to be taken into account, a mathematical definition of 
the mutual impedance becomes necessary, because two coils are 
presupposed to have different resistances, and it is not clear how 
these resistances enter into the expression for mutual impedance. 

It may also be mentioned here that there are cases of unsym- 
metrical polyphase connections which can be solved more 
readily without resolving the given electrical quantities into 
their symmetrical components. Several such cases are con¬ 
sidered in the present writer’s work entitled “Ueber Mehr- 
phasige Stromsysteme bei Ungleichmaessiger Belastung (Enke, 
Stuttgart, 1900). For example, in the solution of any arbitrary 
w-phase star-connected system with given voltages E and phase 
admittances F, it is convenient to take the voltage e between 
the two neutral points as the independent variable. Then, for 
each phase the current I = Y (E — e), and according to the 
first Kirchhoff law 

2 1= 2 Y(E- e)= 0, 

so that 

e= (2 YE) / H Y. 




1134 


5 YMMETRICAL CO-ORDINA TES 


[June 28 


Knowing e, the currents in the individual phases are computed 
from the first equation. In the most general case of a compli¬ 
cated network with a-c. voltages inserted at different places, the 
Kirchhoff equations of two kinds, written for the vectors of 
currents and voltages, furnish a complete solution, and one has 
to consider in individual applications whether or not the resolu¬ 
tion into symmetrical components is desirable or not. 

A. M. Dudley: Attention has been called to the practical 
applications of this solution, and one or two may be mentioned 
here. It has been long known that in the ordinary induction 
motor in addition to the main rotating working field there may 
exist several other fields of different amplitude and frequency 
and phase rotation and that the existence of such fields is prob¬ 
ably responsible for the operating freaks sometimes noticed in 
motors. For example, a motor is sometimes found which will 
not reverse its mechanical direction of rotation when running 
light even though the leads be reversed so as to give the opposite 
direction of phase rotation; or, a two-phase motor will be 
found which when running light takes power from the line on 
one. phase and returns power to the line on the other, or a, 
squirrel-cage motor will start from rest with considerably more 
torque than it is capable of accelerating up to full speed so that 
it apparently has a so-called sub-synchronous speed. These are 
actual practical operating conditions often mentioned but never 
determined quantitatively. Mr. Fortescue’s analysis offers the 
means of such quantitative study. 

As a further practical instance may be mentioned the two 
cases of single-phase connections referred to in the analysis of 
equations (141), (142) and (150), one of which is equivalent to 
two coupled polyphase motors connected in parallel and the 
other to two coupled polyphase motors connected in series. 
This was fully discussed from another view point in Mr. Lamme’s 
April paper before the Institute and the identity of the two 
conclusions is a check on Mr. Fortescue’s method. 

To those who have expressed the idea that the paper is hard 
to read I would commend Dr. Slepian’s discussion also printed 
herewith as illuminating both to the method and the results. 
He makes the suggestion that the method as outlined may con¬ 
stitute the basis of a new complex polyphase algebra which will 
greatly simplify the study of polyphase network problems of all 
kinds. 

Dr. Steinmetz and Prof. Karapetoff have told us that as a 
mathematical achievement and as a demonstration of theory 
this paper is a masterpiece. I should like to venture the predic¬ 
tion that as a practical working tool it will eventually come into 
the greatest usefulness. 

Let us then pay our respects, to Mr. Fortescue both as a great 
mathematician and as a scientist and also as the developer of a 
practical tool which shall make easier the daily task of the engi¬ 
neer in the ranks. 
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Charles F. Scott: Mathematics and engineering have their 
varying conditions, and they have their supporters and their 
critics. To a certain class of engineers the mathematician is an 
abstract man who starts somewhere and finds something that 
can lead to consecutive conclusions. On the other hand, a 
practical man, using that term in the extreme, is apt to rely 
wholly on experience and to have no use for the mathematics 
he does not understand. We all know that the really valuable 
position is the mean between these two, in which the theoretical 
and the practical do go together. 

The reference to papers of a mathematical and explanatory 
character, and their relations to engineering reminded me some¬ 
how of the first Institute paper I came in contact with. It was 
through the pages of the Electrical World. I had been experi¬ 
menting with alternating currents and was associated with men 
who knew only slightly more about it than I did. . Many things 
seemed mysterious. Then the paper by Mr. William Stanley 
on “Alternating-Current Phenomena,’’ appeared, and that 
mysterious thing which was the stumbling block of about 
everybody who came up against alternating-current, the simple 
single-phase phenomenon of current and voltage out of phase, 
was cleared up. Mr. Stanley drew some triangles and explained 
a few things. That put me on a new basis. I could see how the 
mathematical explanation, the physical phenomena, were 
related, and it gave me a real understanding of the alternating 
current. A little later came the polyphase, and it was a step 
from that to the work on the unbalanced polyphase system. 

As we advance then, getting into more and more complicated 
problems, these papers of solution and explanation come to 
guide the engineer in his work. 

What is this paper? When you look at a paper of this sort it 
looks as if a mathematician had produced it, leading on and on 
to interesting formulas, one after another. Now, to bring out 
my point, I want to emphasize and say I do not think this is a 
product of the mathematician,. but of the engineer. .Mr. 
Fortescue did not work these things out from the theoretical, 
mathematical standpoint, but as an engineer who was confronted 
with problems in which unbalanced polyphase systems were 
concerned. It may have been transmission or some kind of 
particular machinery which involved problems which he did 

not have the proper tools to solve. 

Therefore, in studying the problems and seeing the inade¬ 
quacy of the mathematical tools at hand, he went to work and 
constructed tools to .perform that work. Mr. Fortescue has 
done just as some other engineers do, who work first with experi¬ 
ments, then go to mathematics, and then back to the experiments. 
That combination of first theory and then practise, back and. 
forth, constitutes the work of the engineer who can be con¬ 
structive and do pioneer work. I think I am right, in saying 
that this is not a paper of a theoretical mathematician, but a 
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paper of a practical engineer, who is developing a new tool for 
himself and offering it to others. 

C. O. Mailloux: This is the second great paper which Mr. 
Fortescue has presented before this Institute. Much that I had 
to say in the way of friendly criticism has already been antici¬ 
pated by Prof. Karapetoff. I sympathize with Prof. . Karapetoff *s 
views, and I share them, in regard to the possibilities of simpli¬ 
fication of this paper. I thank Mr. Fortescue and many other 
members of the Institute will also thank him, for having given, 
an introduction to the paper, because that introduction is really 
the mathematical specifications in accordance with which the 
paper has been prepared; and to me it was more valuable, as a 
criterion of the value of the paper, than the paper itself, because 
the paper itself cannot be read offhand. The bewildering exhibit 
of subscripts to be found in it is something that will, well, make 
one pause; but the introduction, to any one who is at all familiar 
with mathematics, tells exactly the basis on which the paper is 
written, what it aims to do, and substantially the method by 
which it accomplished its aim. I am very thankful, indeed, 
personally, that that was done. 

Part I is also very useful, but if it had followed the method of 
presentation suggested by Prof. Karapetoff, it would have been 
much simplified. The paper is so valuable, that it would be 
well worth while to rewrite it for the purpose of making it more 
easily digestible and more easily accessible to the great body of. 
practical men. It appears to have been written too much from 
the point of view of the professed mathematician, who seeks 
first to make a generalization, and then proceeds to experimenta¬ 
tion to find practical and special cases. It would have been a 
better arrangement if that generalization had been put in an 
appendix, and if the statement had been made that from the 
general case is derived the particular case which interests us, 
namely, the case of the three-phase current. I think that to 
discuss n-phases is of academic interest only at present, even 
though it is possible that there may be some day when it will be 
of practical importance. Until that seemingly remote day comes, 
a generalization which includes w-phases might as well lie in an 
appendix, out of harm’s way, and especially where it would not 
encumber the rest of the discussion. If Mr. Fortescue had 
written the paper by putting into the appendix, the generaliza¬ 
tion, the thing which makes it complete and comprehensive, he 
would have simplified it and made it more useful. 

It is because I think so highly of the paper, I would like to 
see it made clearer. It is not a difficult paper, the mathematics 
are simple, but they look complex, because one is bewildered by 
a maze of subscripts and by many “operators.” The fundamen¬ 
tal idea of the operator is a splendid one, but it is just as well to 
put that explanation in an appendix, in all its generality, and 
then use it in the simple form that Prof. Karapetoff suggests. 
Those who deal with the matter practically, would not then 
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have so many equations to analyze and not so many symbols to 
deal with. 

The analysis of the actions and reactions of the various forces 
present in electrical circuits, and the interpretation of the 
equations devised for expressing these actions and reactions, 
under different conditions, whether they occur in balanced or in 
unbalanced systems, may be facilitated by remembering that 
all physical forces and all forms of energy are subject to the same 
general principles of conservation and equilibrium, and, espe¬ 
cially, that Newton’s principle of dynamic equilibrium,—namely, 
that under all conditions and at all times, action and reaction 
are opposed and equal to each other, exactly—, applies . to 
electrical, as well as to mechanical, forces, powers, and energies. 

Analogy requires that, in any electrical circuit, at any instant 
of time whatever, the forces of action and those of reaction should 
always be opposing and balancing each other exactly, just as 
they do in mechanical systems; and it is known that they always 
do balance exactly. Analogy also requires that, for electrical 
circuits, when dealing with instantaneous values, the equations 
of electrodynamic equilibrium should have the same general 
characteristics as the general equation of dynamic equilibrium 
or balance for mechanical forces. The latter, it is well known, 
reduces to an algebraical sum of four terms, representing four 
distinct kinds or amounts of force, or power, or energy, according 
to the case, whose resultant, when a state of equilibrium occurs, 
is equal to zero. 

The four kinds or amounts of force, power, or energy, m terms 
of which every dynamic reaction whatever, in mechanics, can 
be completely expressed, find exact parallels in electrodynamics. 
Here, also, we find four kinds of force, power, or energy; we have 
reversible forces of two kinds, corresponding to. those which, m 
mechanics, produce or result from changes in kinetic energy, or 
changes in potential energy; we have the dissipated force, which 
is expended in overcoming ohmic resistance, corresponding to 
the force lost in overcoming friction in mechanics, and we have, 
for the fourth kind, the force, power, or energy representing the 
balancing actions or reactions which are necessary to maintain 
the equilibrium that must exist at every instant of time between 
action and reaction. The first two. kinds represent energy which 
is not immediately dissipated but is displaced and stored in the 
system; the third kind represents energy which is immediately 
consumed in the system; and>the fourth kind represents energy 
which is put into the system from an outside source, or else 
which is taken out of the system by overflow into another system 
or circuit, as may be required to maintain equilibriumr 

These considerations show that even in an unbalanced elec¬ 
trical system, so-called, there must still be dynamic balance or 
equilibrium. The balancing force, power, or energy, according to 
the case, appears in the fourth term, where. it represents the 
compensating force, power, or energy by which equilibrium is 

maintained. 
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Charles L. Fortescue: I maintain that the paper is quite 
simple. The mathematical portion is not difficult to under¬ 
stand, anybody can follow it if he takes the pains. I admit that 
the appearance of the equations is cumbersome, but that is almost 
impossible to overcome. The nature of the subject makes the 
equations cumbersome. 

Prof. Karapetoff in his discussion used the word “stimulation”. 
I wish to say that necessarily in a paper of this kind there are 
many sources of. stimulation, as I pointed out in my introduc¬ 
tion, many of the ideas are not new. The idea of symmetrical 
component three-phase systems is being used more or less by 
others, but the theory has never been presented systematically, 
and I think the idea of symmetrical operators is new. 

Dr. Steinmetz’s and Prof. Karapet off’s discussions are what 
I may term conjugate discussions. Dr. Steinmetz discusses the 
paper purely from the practical point of view. He thinks that 
the system is capable of practical application, and will be of 
great use for that purpose. Dr. Karapetoff points out the pos¬ 
sibility, from a theoretical point of view, of the ^-phase system. 
I wish to say nothing would have given me greater pleasure than 
to go into that purely theoretical matter much more extensively. 
It is very fascinating and has great promise, but I felt that there 
was needed, in this paper, some practical justification for present¬ 
ing it. The theoretical part was so long drawn out, that I felt 
it was necessary to show by practical illustrations why I presented 
it. 

I felt that the presentation of mathematical solutions did not 
alone afford a justification for the paper, but that there must 
also be a good practical reason for it, and I felt if I went into 
all the theoretical ramifications of this very interesting subject 
people would ask: “What is he about? What does he mean by 
driving us through all this painful stuff without giving us a 
good reason?” So I thought that the presentation of the theory 
should be as concise and short as possible, and for that reason 
I left out a good deal of explanation that some people think 
ought to be there. 

Prof. Karapetoff has apparently lost sight of the fact that 


unless his arbitrary vectors are all equal to 


£ l 77> i 77 

1 T ^2 T • • • Hn 


n 


they in turn may be resolved into (n— 1) symmetrical systems 
and the “residue” will eventually reduce to the same value as 
that given by me, namely n equal vectors of value 

E\ + E>2 “b . . • E n 

* — " 1 ■ ' ■ ~ *. " 1 ■-. * 

n 


The form in which the theorem is presented does not preclude 
the adoption of any artifice such as the subtraction of n arbitrary 
vectors to make the vector sum equal to zero, when any material 
advantage is gained thereby. Such an artifice,, in fact, is gener- 
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ally adopted in the ease of Y-connected circuits where the vector 
sum is rarely 'zero on account of the presence of the third har¬ 
monic, Furthermore, in any symmetrical system there is a 
definite impedance to each component symmetrical current 
including the * ‘residue” as Prof, Karapetoff has termed the 
constant vector, this is not true if an arbitrary “residue” is 
adopted. 

Prof. Karapetoff brings up another point, the use of sequence 
symbols, in three-phase systems, once a person has become 
familiar with the use of this method, it becomes quite a natural 
system. He thinks quite naturally in terms of symmetrical 
components, and he usually omits the use of the symbols. In 
other words, the symbols are not absolutely necessary, but they 
simply afford a sure method of keeping track of the mechanical 
part of the mathematical work. If one makes a mistake in 
carrying out the mathematical work, one can always go back to 
the 'sequence symbols and check it up. If a quantity looks 
unsymmetrical, and a mechanical error is suspected, one can 
always follow it out with the sequence symbols and be sure of 
getting the correct result. Furthermore, in dealing with a 
system of more than three phases, the sequence operator be¬ 
comes important, because there are so many cross mutual 
inductances that the formulas become very much involved, and 
it is necessary to have some reliable mechanical device that 
will keep one in the right path; the sequence operators are such 
guides. They are almost indispensable when dealing with 
power both in ihreeqduise and //-phase systems. I hose are the 
principal reasons for their use. 

Prof. Karapetoff brings up the question.-What is the “mutual 

impedance?” I have not used the term perhaps quite correctly 
as i have applied it to eases in which the dissipative forces are 
not strictly proportional to the velocities or currents. Mutual 
impedance may he defined in this manner* II we have two ter¬ 
minals of a circuit carrying a given current, and two other 
terminals of another circuit, the electromotive force produced 
across the second pair of terminals, given a sine-wave current of a 
given frequency is, the produet of the mutual impedance between 
the" two circuits and -the current in the first pair of terminals. 
In some cases I lie current follows paths common to both circuits, 
so that flu* mutual impedance may have areal component; in 
r cases the energy component may be due to eddy currents 
losses in subsidiary circuits common to both. 

*VIi\ I tin 1 lev has pointed out that the practical engineer must 
*s keep ’ track of the theoretical side of his work. The 
object of all mathematical investigation and theory should be 
to carry our knowledge of operating conditions further, and to 
investigate such obscure phenomena as arise from time to time. 
Very often we find that a new tool has to be devised in order to 
enable us to carry out our theoretical investigations without 
becoming involved in too great complication. 


a i \\ 






1140 


SYMMETRICAL CO-ORDINATES 


[June 28 


I feel that a paper presented before a scientific body that 
cannot be read by every member is hardly justified. I believe 
that all can follow this paper if they sincerely try to do so, it 
may take a little time, but the mathematics is not difficultt. 

V. Karapetoff (by letter): In my Theorem2, p 2 , p 2 etc. are 
arbitrary vectors such that 2 p = R, where R is the total residue 
of the given system of vectors. Each p maybe resolved geometri¬ 
cally into a vector R/n , in phase with total R, and another vector, 
say p, so that p = p + ( R/n ). Hence 2 p + ( R/n ) = R t or 
2 p' = 0. Thus, the system of vectors is without residue and 
consequently may be resolved into in — 1) symmetrical systems. 
The system of n vectors each equal to R/n, in phase with total R, 
is an irreducible residue . 

When it is desired to sift out all the symmetrical components 
from the given vectors, the form R/n for the residue should be 
used. However, there may be conceivable cases in which there 
might be some advantage in splitting the residue into certain 
unequal or unsymmetrical parts, without attempting to extract 
all of its symmetrical components. For this reason, Theorem 2 
is stated in the most general form. I am glad to have my 
attention called to the fact that only in the case where each p is 
equal to R/n, we have the true or the irreducible residue. 
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SUSTAINED SHORT-CIRCUIT PHENOMENA AND FLUX 
DISTRIBUTION OF SALIENT-POLE ALTERNATORS 


BY N. S. DIAMANT 


Abstract of Paper 

It is shown in Section IV that with the ordinary field forms 
met with in practise, the resultant flux wave under s. s. c. (sus¬ 
tained short circuits) will be extremely distorted, see Figs. 16, (4th 
wave) 23, 27, 27a, etc., for the simple reason that with the very 
low voltages obtained under such conditions, the fundamental 
of the 13-curve of the field is reduced so much by the armature 
reaction that the higher harmonics assume a very predominant 
r61e and become several hundred per cent of the s.s.c. fundamen¬ 
tal. See Fig 26 and Tables XI, XII, and XIII. 

As a corollary to the foregoing it is found that the 5-curve 
under load will not differ radically from the no-load field form 
since the fundamental will remain large enough to hold its own. 
See Fig. 22 and also footnote (4). The cross magnetizing effect 
of the armature reaction is, of course, to make the 5-curve unsym- 
metrical with respect to the mid-pole axis. Compare Figs. 7 and 


the magnetic oscillations are studied not only by means of full- 
pitch stator coils but also by means of rotor coils No. 7 and 8, 
Fig. 3, and stator coils No. 9,10, 11,12,15, and 16, Figs. 3 and 3 a. 

Attention is called to the following facts for which explana¬ 
tions and theoretical proofs are offered. 

(1) The ripples at the crest of the e. m. f. waves of the stator coils 
are due not so much to the flux pulsations as to (a), the to-and- 
fro flux swing across the pole, and (b) the cutting of a 5-curve 
similar to wave (b), Fig. 6. See equations 22, and 23; also Table 
I and Note A, at the end. Compare Figs. 7 and 2nd wave Fig. 
4. 

(2) The most important oscillations set up by the armature re¬ 
action are 4 and 6 times machine frequency for two- and three-phase 
machines respectively. See supplementary Notes B and C; also 
Figs 8a, 8b wave lengths marked 5 and 5, and Fig. 5, wave 

length marked 5, and Table I. t 

(3) Eccentric rotor sets up pulsations once in every revolution, 
under load or at no-load, but none under s.s.c. See Fig. 4, 2nd 
wave, Fig. 5 wave length marked A, and Figs. 8a, 8b, and 8c. 
Also see Table I, column 4. For a tentative explanation see 

1183 

(4) The e. mjs. and fluxes for coils No. 10 at the top of a tooth 
are very much larger than the e. m. fs. and fluxes for coil No. 9, 
at the top of a wedge. See Tables II and III; also Figs. 10, 11, 


(ft) The spacing of the ripples of the no-load e . m. fs. is unequal, 
contrary to theory. See Fig. 13 and Table IV. Also equa¬ 
tions (22) and (23) p.T.195. _ _ , , 

(6) Thee, m.fs. and fluxes for search coil No. 5, at the bottom 

of the slot, are larger than the e. m. fs. and fluxes for the coil 
No. 1 at the top of the slot. See Fig. 7 and Tables V, VI, and XV. 

(7) The third harmonic e . m. fs % of the stator search coils in¬ 
crease with the increasing excitation. See Table IX. 
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(8) Under s.s.c. there is present some cross-magnetizing arma¬ 
ture reaction which (a), makes crests 1 and 3 Fig. 27, unequal. 

See Table XV. (b), it shifts the axis of the flux towards the lar¬ 
ger crest, Figs. 23, 27, etc., and thus makes angle £, Fig. 27, less 
than (1/2) A. See Table XIV. 

(9) The agreement between the armature reaction obtained by 
subtracting from e/ 0 , (see Figs. 24, 25, 31 and Figs. 16, 27, 
etc.) and that obtained by subtracting the equation of the s. s. c. 
waves as given in Tables XI and XII, from corresponding 
open-circuit e. m. f. equations as given in Tables VII and VIII, 
is fairly satisfactory. See last column of Table XIII. 

(10) The direct component of the armature reaction of an imper¬ 
fect two-phase machine consists of (a) a regular demagnetizing com¬ 
ponent, plus (b), a transverse or cross magnetizing component 
in quadrature to (a). See equations 56, 59, etc. 

(11) The analysis of the no-load field form gives the 3rd, 5th, 
and 7th harmonics as 5 to 15 per cent but the (2 q =*= 1) ths seem 
to be small. 

(12) The armature current under s.s.c. is very nearly sinusoidal. 

See Figs. 15 and 16. Also Table X.. The^ il-curve of arma¬ 
ture reaction set up by such a current will be sinusoidal, see equa¬ 
tions 32, 33, etc. and succeeding two paragraphs. The B- curve, 
however, will not be sinusoidal for lack of constancy and uni¬ 
formity of the permeability at different points of the magnetic 
circuit, and on account of saturation. See sections III and IV. 


I. Introduction 

I N A paper dealing with the sudden short circuits of alternators, 
presented at the Panama-Pacific Convention, in passing, 
the author called attention to the following 1 : First, that the 
voltages induced in full-pitch stator exploring coils under sudden 
short circuits “are not of as simple a form as theory would indi¬ 
cate.” Second, that the flux distribution within about one or 
two cycles, after the short circuit takes the general shape which 
it has under steady or sustained short circuit. The e.m.fs. 
induced in exploring coils placed at the top, middle and bottom 
of different slots, all, very shortly after the sudden short circuit, 
assume a very distorted wave form which persists for the whole 
length of the film, i.e., about 10 or 15 cycles. The above are 
clearly seen from Figs. 1 and 2 2 which represent the two extreme 
cases of symmetrical and totally unsymmetrical armature 
currents. 

The ordinary theories of armature reaction or of short-circuit 
impedance tests, would hardly lead one to expect results which 
these oscillograms seem to indicate. A number of valuable 
investigations on the flux distribution 3 at various loads and power 

1. Trans., A. I. E. E., 1915. Vol. 34, part II, p. 2259. 

2. See Table III, p. 2255. 

3. Journal , I. E . £., Vol. 37, .p. 148. G. W. Worrall and F, T t Wall. 
See Figs. 2 to 7 inclusive. 
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factors have given results quite consistent with those deduced 
from the usual theory. The flux distribution was in no case 
sinusoidal, to be sure, but it never deviated greatly from the 
no-load field form usually met with in practise. This is clearly 



Oscillogram No. 101. Table 111, footnote (2). Machine series Y-connected and sud¬ 
denly short-circuited at its terminals. Field excitation =5.1 amperes. Speed = 1200 
rev. per min. First wave: Eit — e.m.f. induced in coil No. 1, at top of slot. Second 
wave: armature current. Third wave: phase voltage. Second straight line: cali¬ 
bration for second wave = 293 amperes. 

brought out in a series of interesting oscillograms given by 
W. J. Foster. 4 

In view of the above and the entire lack of reliable data, as 
to the detailed analysis of sustained short-circuit (s.s.c.) phe¬ 
nomena, the writer could make no more definite statement in 
the paper referred to, than, that “it would seem that a good way 



Fig. 2 

Oscillogram No. 102. Table III, footnote (2). Machine series Y connected and sud¬ 
denly short-circuited at its terminals. Field excitation = 5-05 amperes. Normal speed. 
First wave: E^m = e.m.f. induced in full-pitch coil No. 3 at middle of slot. Second wave: 
armature current. Third wave: phase voltage. Second straight line: calibration for 
second wave = 297 amperes. 


to study sudden short circuits was to begin by studying s.s.c. 
in detail. Although a great deal of work has been done on 
s.s.c. it is believed that so far little or no attention has been 
given to the question of flux distribution under such conditions.’’ 

4. Trans., A. I. E, E., Part I, 1913, p. 749. See Curves 31, 34, 37, 
38, 40, 48, etc. 
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In the following pages an attempt is made to show that all 
the complicated phenomena of s.s.c. can be explained by taking 
proper account of certain details and secondary effects. At 
the end a critical resume and discussion of results is given which 
will enable the reader to obtain some of the principal results 
of the investigation without studying the paper in detail. 

II. Data Relating to the Machine, Exploring Coils, etc. 

The machine used for the tests is a standard three-phase, 
six-pole, revolving field alternator rated at 45 kv-a., 480 volts. 



Coil No. 7; 40 Full pitch concentrated turns. 

Coil No. 8: 20 Concentrated turns. 

Coil No. 9: 5 Concentrated turns. 

Coil No. 10: 5 Concentrated turns. 

Coil No. 11: 5 Concentrated turns. 

Coil No. 12: 2 Concentrated turns, one on top of other thus having effective pitch of 

single turn. 

Coil No. 13: Single conductor on top of wedge. 

Coil No. 14: Single conductor on top of tooth. 

Coil No. 15: Single turn around tooth. 

Coil No. 16: Single turn around slot. 


(278 across phase). It has an amortisseur winding and is equip¬ 
ped with a set of search coils as follows: 

Coil No. 1. Full-pitch, 5 concentrated turns at top of slot, 

right under wooden wedge. 

Coil No. 2. Same as No. 1, except that it is f pitch. 

Coil No. 3. Similar to No. 1, but placed at the middle of the 

slot. 

Coil No. 4. Same as No. 3, except that it is § pitch. 

Coil No. 5. Similar to No. 1 but placed at the bottom of the 

slot. • 

Coil No. 6. Same as No. 5 except that it is f pitch. 
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These coils were placed in different slots. The other search 
coils are schematically shown and described in Figs. 3 and 3a. 
The armature winding is of the ordinary double-layer type with 
a f pitch, and it has two circuits which may be connected either 
in parallel or in series. 

In connection with the coils most commonly employed the 
following notation will be used : 

*E 1X 

*£sm 
*£ 5 b 
*£ rf 


*E rc = e.m.f. induced in coil No. 8. (Subscripts: Rotor 

concentrated coil.) 

*E XW = e.m.f. induced in coil No. 9. (Subscripts: Coil at 

top of wedge.). 

*£ tt = e.m.f. induced in coil No. 10. (Subscripts: Coil at 

top of tooth.) 

*E at = e.m.f. induced in coil No. 11. (Subscripts: Coil 

around tooth.) 

*E TT 2 = e.m.f. induced in coil No. 12. (Subscripts: 2 turns 

on top of tooth.) 

*Ects = e.m.f. induced in coil No. 13. (Subscripts: Con¬ 

ductor on top of slot.) 

*g CTT = e.m.f. induced in coil No. 14. (Subscripts: Con¬ 

ductor on top of tooth.) 

B = Flux density as further specified by its subscript. 

/ — (actual) machine-frequency in cycles per second 

= r.p.s. x p. 

*A11 under conditions to be specified. 


= e.m.f. induced in coil No. 1. (Subscripts: No. 1 top 
of slot.) 

= e.m.f.' induced in coil No. 3. (Subscripts: No. 3 
middle of slot.) 

= e.m.f. induced in coil No. 5. (Subscripts: No. 5 
bottom of slot.) 

= e.m.f. induced in coil No. 7, (Subscripts: Rotor 
full-pitch coil.) 


DETAIL SKETCH 
OF COILS NO. 9 
AND NO. 10 


f^\ 


Section through 
Coils No. 9 and No. 10 

tOO'Ocddooo Ol 


'— 

2.6 Electrical Degre*es(approx. )=Equivalent Pitch 

Fig. 3a 
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k — Order of space harmonic. See p. 1164 for explanation. 
P = Number of pairs of poles. 

pk = Number of pairs of poles of k ih space harmonic = k p 

q = Number of slots per pole. 

s.s.c. = sustained short circuit, 

r = Pole pitch in centimeters or inches. 

Tk = Pole pitch of k th space harmonic = r/k. 

e ro t.st. = Instantaneous value of rotational e.m.f. induced in 

stator coil. 

e P«i.st. — Instantaneous value of e.m.f. induced in stator coil 

due to pulsations of flux. (In magnitude only.) 
Csw.sl = Instantaneous value of e.m.f. induced in stator 

coil due to to-and-fro swing of flux.. (Without 
change in magnitude.) 

= Same as e Pu ^ sL except that it refers to coil on rotor. 
= Same as e sw , stm except that it refers to coil on rotor. 


pul . r . 
&sw . r. 


III. Flux Distribution at Various Loads and Power 

Factors 

The oscillographic study of flux distribution in alternators and 
other apparatus by means of exploring coils would have been 
extremely simple, were it not for the fact that the quantity 
recorded on the film is not the flux wave in which we are inter¬ 
ested but a quantity proportional to its time rate of change. 

. A . conductor moving across a magnetic field, constant both 
m time and space, i.e., a field constant in magnitude and sta¬ 
tionary with regard to the pole axis, will have an e.m.f. induced 
in it which may be designated as motional or rotational e.m.f.; 
this will be maximum when an element d l , of the conductor 
under consideration, its velocity v, and the flux density 
*S m , all three, are mutually perpendicular. However, with- 
out any relative motion between flux and conductor, if 
the flux enclosed by the circuit varies for any cause and in 
any manner whatsoever, there will be an e.m.f. induced propor- 

t,°aal to the rate of change of flux. This may be called static 
or variational e.m.f. 

orltS. "Wei it the one met with in 

p actise, the e.m.f. induced m a conductor or coil is: 


^total — ^motional ”b 

where e total is the quantity recorded 

5. See, in this connection, A. Blondel, 
lots de V induction. Compt. Rend. 1914* 


^variational , 

on the film. 

Sur I'SnoncS le plus gSnSral des 
Vol. 160, Nos. 20 and 22. 
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The application of the above to the analysis and interpretation 
of the complex waves obtained under s.s.c. or even the simpler 
phenomena of open circuit is difficult. Therefore, it will be well 
to call attention at first, to some general facts which though not 
entirely new do not seem to be generally known. 

It is clear that the e.m.f. induced in a conductor or a number of 
concentrated turns (on the armature) will be a true reproduction 
of the U-curve under the pole, provided the variational e.m.f. 
were zero—which is seldom the case. The variational or static 
e.m.f. will depend upon the manner in which B varies with 
respect to time only. As a result of some valuable researches 6 
it has been found that B may vary with respect to time in two 
ways: First, due to what may be termed the inductor alternator 
action of the teeth, there may be a variation in the amount of 
reluctance of the * magnetic circuit of the machine. This will 
cause pulsations in the intensity of B and thus an e.m.f, will be 
induced in the armature coils as well as the pole pieces, yoke, 
etc. The latter will give rise to parasitic eddy currents which 
will tend to wipe out the pulsations. Thus, as indicated by 
theory and as shown by test, the variational e.m.f. due to this 
cause will be very small (compared to the rotational e.m.f.). 

' Secondly, it has been found that the flux density at any point 
under the pole may vary due to a to-and-fro swing of the flux- 
wave with respect to the (geometrical) pole-axis. It has been 
shown by Worrall 6 by trimming the pole-shoes and varying the 
number of slot-pitches covered by it, that the pulsation is 
maximum when the pole-arc covers a whole number of slot- 
pitches, while the flux-swing is maximum when the pole-arc 
covers (an integer + J) slot-pitches. This neglects fringing and 
in the experiments referred to, it seems to hold remarkably well. 
However, it seems to the writer that fringing should not be 
neglected since it is not the geometrical tooth or slot but the 
manner in which the flux is distributed in these that is responsible 
for the static e.m.f. Thus, his conclusions seem to be correct, 
except that it would be more rational to consider the effective 
teeth and slots (so far as flux is concerned). 

The study of the experimental results as well as the quantita¬ 
tive expressions developed in the supplementary notes show 
that the e.m.f. waves of coils No. 7 and No. 8 give chiefly the 

6. G. W. Worrall, Jour ., Inst. K 1907, Vol. 39, p. 206. Also 1908, 
Vol. 40, p: 413. Guery, V Eclairage Electrique , 1903, Vol. 36, p. 51, 
Arnold and La Cour, Samn. Elek. VorL t 1901, Vol. 3, p. 58, K. Simon, 

T. Z., 1908, Vol. 27, p. 631. Electrician , Vol. 57, p. 581. 
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e.m.f. due to flux pulsations. See second wave Fig. 4 and Fig. 
5. The e.m.f. due to the to-and-fro motion of the flux is given 
by: (for Xi = 0 see Fig. 6 and note A) 

&sw.r. == 2 TV" l q co 6^ JBi sin (4 q co /) (22) 



Fig. 4 

Oscillogram No. 0 A 84. Test No. 196. First wave: armature current under s.s.c. 
at 4.96 amperes field excitation, normal speed and machine connected 2-phase. T hi rd 
wave: Erf — e.m.f. in full-pitch 40-turn rotor coil No. 7 under same conditions. Second 
wave: Erf at same excitation and speed at no-load. 


and that due to the pulsations of flux by: 

e f ui.r. = ; 4 N l g co 7] Bi sin (2 q ca t) (23) 

where i? and e are small fractions denoting the amplitude of the 
variations of flux, in each case. The former would be expected 
to be small as it involves e 2 and oscillograms give no indication 
of the existence of ripples of (4 q X machine-frequency), as 
required by (22). As seen from Fig. 4, second wave, and Fig. 
5, the little kinks in the £ RF wave (due to the pulsations 



Oscillogram No. O A 21. 
run as synchronous motor. 
Line voltage - 220. Erf 
B “ 60 deg. 


Fig. 5 

Test No. 91. Table I. Machine parallel Y-connected and 
Field current - 4.4 amperes. Line current - 15.5 amperes. 
e.m.f. induced in rotor coil No. 7. Note: A «= 1080 deg 


f. ? ax) U * der synchronous motor and no-load operation, are 
• l y SmaU an i d have a frequency of 2 qf, i.e., show 2 q = 24 

npp es per cycle. See Table I, column 6. This is what would 
be expected from (23). 
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While it is clear that the kinks in the E RF wave, Figs. 4 
and 5, are due to the teeth, the long flat superimposed wave 
having a period A , is believed to be due to the rotor being eccen¬ 
tric. with respect to the stator. This explanation seems the 
more plausible when it is considered that A, Fig. 5, is found to 
be 1080 electrical degrees, as indicated in Table I column 4; 


TABLE I. 


Data relating to the e.m.fs. induced in rotor exploring coils under conditions given below. 


No. of oscill. 

Brf 

Erc 

Field 

cur¬ 
rent in 

amps. 

A in 
de¬ 
grees 

see 
Fig. 5 

B in 
de¬ 
grees 

see 

Fig. 8 

No. of 
rip¬ 
ples 
per 
cycle 

Freq. 

in 

cycles 

Eer 

sec. 

Amplitude 
in max. volts 
see Figs. 

8a, b, c 

Line 

cur¬ 
rent in 

amps. 

Ap¬ 

prox. 

power 

factor 

No. of test 

pos. 

neg. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 



Synchronous Motor Operation 





0 A 21/91 

Erf 

4:. 4 

1080 

54,8 

24 

59.5 

0.69 

0.82 

15.5 

1 

0 A 22/92 

Bap* 

4.4 

1080 

60 


59.5 

0.66 


15.2 

1 

0 A 39/115 

Bap* 

1.0 

1080 


24 

59.5 

1.12 

mean 

79 f 

0.27 lg. 

0 A 40/116 

Brc 

8.3 

1080 

61.3 


59.5 

1.12 

mean 

76 

0.281d. 

0 A 36/118 

Brc 



61 

24 

59.5 

0.037 

0.053 

85.5 

0.25 lg. 

0 A 37/109 

Brc 

8 


60.6 

24 

59.5 

0.037 

0.053 

71.2 

0.241d. 


Sustained Short Circuit. Series Y Connection 



—/164 

Brf 

5 



24 

54 

0.97 mean 



—/165 

Brc 

5 



24 

50 

0.03 mean 



~/166 

Brc 

3.16 



24 

52 

0.027 mean 



—/167 

' Brf 

3.16 



24 

52 

0.71 

mean 



226/- 

Brf 

5 


59.2 

24 

60 



| 





Open-Circuit Operation 





—/163 

Brf 

5 




60 

2.46 




—/162 

Brf 

3.16 




60 

1.94 




-/161 

Brf 

5 




54 

2.31 




—/160 

Brf 

3.16 




54 

1.98 




O A 24/94 

Brf 

5 

1080 

60 

24 







*Bap =* e.m.f. induced in search coil around pole, right under pole-shoe; this gave 
practically same results as full-pitch coil No. 7 and therefore it was disconnected from slip¬ 
ring and not used. 


fig. - lagging. Id. = leading. 

i.e., the superimposed waVe is found to ha've under load or at 
no-load a frequency (§) / = (1/p) f = one cycle per revolution. 

For a conductor placed at the middle of the pole-arc, i.e., at 
xi = r/2, Fig. 6 , &SW.T. would be maximum and would 

be zero; i.e., such a conductor would give ripples due to the 

7. See equations (21) and (20) respectively in supplementary notes. 
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flux-swing only. Attempts were made to take advantage of 
this but owing to the high centrifugal force it was found difficult 
to fasten down securely wires at the mid-pole position. 



However, a very good idea of the relative magnitude of the 
e.m.f. due to flux-swing, can be obtained by studying the e.m.f. 
waves induced in the stator coils. These will consist of (e roi 



JbiG. 7 

o^r^°; OA38 - Test No - 110 - Tables IV, V and VI. Machine run on 
F * st wave: E * r - induced in exploring coil No. 1 at top of slot. 

Second wave; Em = e.m.f. induced in exploring coil No. 3. at middle of slot. £. B 

o'oa&etTfir /-^ * 18 , 002 N0 ' ®’ St b ° tt0m ° £ slot - Speed normal - corr es- 

usedfor In 6 !', ExC }! atl0n =5 amperes. Same vibrator and resistance in vibrator circuit 
used, for all waves. Compare to Fig. 22. 


+ e*ui + &sw). ' As indicated by equations (7), (13) and (18) 
Note A, e Pul will be negligible for a rotor coil placed at the 
middle of the pole-shoe, i.e., at x = r/2, or for a stator coil 
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whenever x = r/2, see Fig. 6. In other words, e Pu i will be 
negligibly small whenever e rot . st . is maximum. Thus the 
ripples at the crest of the e.m.f. wave (x = r/2) of the stator 
coils 1, 3 and 5 are due mainly to flux-swing and a comparison 
of the ripples in them, Fig. 7, with the kinks of the E RF wave, 
second wave Fig. 4 and Fig. 5, and E RC , Fig. 8a, will show at 
oiiifce that the kinks (due to pulsation) are quite negligible 
compared to the ripples (due to flux-swing)—especially when 
it is remembered that coils No. 8 and 7 have many more turns 
than the stator coils and the volts per centimeter for the cali¬ 
bration of the former is about ten per cent of that for the latter. 

The subject of tooth ripples is of great practical importance, 


.0.053 V 

/>.037 V lD J 

Fig. 8a 



Fig. 8b Fig. 8c 

Fig. 8a Oscillogram No. 0 A 36. Table I. Machine run as synchronous motor. Line 
current 85.5 amperes lag. Line voltage = 200. Erc = e.m.f. induced in coil No. 8. 
Exactly same wave shape and amplitude obtained in oscillogram No. O A 37 with 71 
amperes of leading line current and 238 line voltage. 

Fig. 8b Oscillogram No. 0 A 49. First wave Erc - e.m.f. induced in coil No. 8. 
B = 60 deg. Second wave: Erf = e.m.f. induced in coil No. 7. B = 60 deg. Machine 
series Y-connected and short-circuited at its terminals. Field current = 5 amperes. 
Frequency = 54 cycles per second. Resistance in vibrator circuit = 0 ohms and gold- 
leaf fuses short-circuited. 

Fig. 8c Oscillogram No. 0 A 50. Similar to 0 A 49 in every respect, except field 
excitation = 3.16 amperes. Same vibrators used. 


not only in case of accurate tests and measurements but also in 
connection with the operation of large alternators, induction 
motors, etc. Though effective methods have been developed for 
their elimination there seems to be lack of general concensus of 
opinion 8 as to their origin and detailed analysis. In this con¬ 
nection it seems pertinent to ask, whether the ripples are entirely 
variational in their origin or are they partly motional. The 
actual flux density in the air-gap has the general form indicated 
by curve (b) rather than curve ( a ) Fig. 6. Since the motional 

8. S. P. Smith and R. H. Boulding, Jour., I. E. E., 1915, Vol. 53, p. 
205. Discussion p. 238. Also see correspondence Electrician, June, 
1914. Further, see references given under foot-note (6). 
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e.m.f. will be duplicate of the B-curve, it is clear that the tooth 
ripples will partly have motional origin, i.e., will be partly due 
to the cutting of a 23-curve like that shown in ( b ) Fig. 6. 

A general idea of the relative importance of the tooth kinks in 
the B-curve may be gained from Fig. 9 which is self-explanatory. 
The flux measurements were obtained by pulling out of the air 
gap an exploring coil fastened on a piece of cardboard and having 
a length approximately equal to the axial thickness of the arma¬ 
ture core, and a width about 30 per cent of that of a tooth. In 
the test recorded in Fig. 9, the machine was stationary; in the 
next one, the rotor was excited and slowly rotated and the 
following maximum throws of the Grassot fluxmeter were 
observed. 


Flux Density 
in Percent 



Geometrical 
Interpolar Axis 


^''’Center of 
Pole 


Fig. 9 


Flux distribution with the machine stationary as measured by Grassot fluxmeter, 

t 


Coil No. 10—coil at top of tooth—maximum deflection = 100 

per cent. 

Coil No. 9—coil at top of wedge—maximum deflection = 41 

per cent. 

Coil No. 8—concentrated coil—maximum deflection = 8 per cent 

The actual flux density under running conditions was further 
investigated by means of the exploring coils No. 9, 10 and 11, 
Figs. 3 and 3a, by taking oscillographic records of the e.m.fs. 
induced in them under no-load, s.s.c. and synchronous motor 
operation. The data obtained in this series of tests are brought 
together in Table II. As seen from Figs. 10, 11 and 12 the 
-Eat, En and jEtw waves have two prominent crests above, and two 
below, the zero line, per cycle. These are quite characteristic 
and are designated as 1st and 2nd positive and 1st and 2nd 
negative. See Table II, columns 8 and 11. The angular dis¬ 
tance between successive + or - crests is designated by a and 
that between successive positive and negative ones by /3. See 
Fig. 10 and Table II columns 6 and 7. 



TABLE II. Data relating to the e.m.fs. induced in Exploring Coils No. 9 , No. 10 and No. 11 (Fig. 3 ) under open-, sustained short-circuit and synchronous 
motor operation. 
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The peculiar shape of these curves may be explained as follows: 
As a concentrated coil like No. 9 or No. 10, moves past a (sta¬ 
tionary) field pole, the amount of change in the enclosed flux 
will depend upon the tooth kinks of the incurve, ( b ) Fig. 6. 
If the incurve were flat topped, see (a) Fig. 6, there would be no 
change of flux through coils No. 9 or 10 while uhder the pole-arc. 
Thus the small ripples in the portion of the incurve marked /?, 
Fig. 10, are due partly to the bunching of the flux at the teeth 
and partly due to the flux variations (— pulsations in magnitude, 
and to-and-fro swing), as already explained. As the coil emerges 
from under the horn of, say, a north pole and begins to enter the 




Oc Corresponds to Interpolar Space. 
Corresponds to Space under Pole-arc 


Fig. 10 

.Oscillogram No. O A 28. Test No. 98, 
Table II. First wave: Eat = e.m.f. 
induced in coil No. 11 around tooth. 
Second wave: volts across the terminals 
of the machine. Third wave: Etw = 
e.m.f. induced in coil No. 9 on top of 
wedge. Machine parallel Y-connected 
and operated as a synchronous motor. 
Line current = 39.5 amperes. Line 
voltage = 212 volts. Power factor = 56 
deg. lag. a corresponds to interpolar 
space. /2 corresponds to space under 
pole-arc. 


Fig. 11 

Oscillogram No. 0 A 77. Test No. 
189. First wave: Ett = e.m.f. induced 
in search coil No. 10 at top of tooth. 
Second wave: Etw = e.m.f. induced in 
exploring coil No. 9 at top of wedge. 
Machine run at open-circuit and same 
vibrator and same, resistance in vibrator 
circuit for both waves. 


interpolar region and then the tip of the south pole, there 
will be, two, comparatively large changes in the flux enclosed; 
these flux changes will give rise to two peaks whose angular 
spacing ot , as seen from Table II is about 60 elec. deg. i.c., ct 
corresponds to the angular distance between two consecutive 
pole-horns. Evidently these . crests should be on the same side 
of the zero line since one is due to a decreasing flux issuing from 

a north pole, while the other is due to an increasing flux of 
opposite polarity. 9 

9 * See curve 32 given by W. J. Foster, Trans., A. I. E. E., 1913 Vol 
32, p. 754. ’ ’ 
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At first sight it might be expected that the e.m.fs. induced in 
coils No. 9 and 10 should be similar in shape and equal in amount 
since the only difference between them is that one is placed on 
top of a tooth, while the other is on top of a wedge. However, 
as seen from Table II this is by no means the case; further as 


1 2 



Fig. 12 

Oscillogram No. 0 A 29. Test No. 99. Table II. Machine Y parallel connected and 
run as a synchronous motor. Field excitation, 6.4 amperes. Line voltage = 237 volts 
Line current « 39.5. Approximate power factor = 0.45 leading. First wave: Ett 
= e.m.f. induced in coil No. 10 at top of tooth. Second wave: Line voltage. Third wave: 
Ftw = e.m.f. induced in coil No. 9 at top of wedge. 

seen from Table III the area enclosed by £ TX for the coil at 
the top of a tooth, is very much larger than E rw for the coil 
at the top of a wedge. This can be explained on the assumption 
that a given peak is due to the change of the enclosed flux to 
nearly zero, from the value it had just before the coil left the 


TABLE III. 


Data relating to synchronous motor operation of machine and giving the area per one- 
half cycle per turn enclosed by the e.m.f. waves induced in coils No. 9 and No. 10. 


No. of 
oscill. 

Field 

amps. 

Line 

amps. 

Line 

volts 

Power 

factor 

Maxwells or volts per 
turn per K cycle 

0 A 29 

6.4 

39.5 

237 

0.45 Id. 

45,000, coil No. 10 

0 A 29 

6.4 

39.5 

237 

0.45 Id. 

12,036, coil No. 9 

0 A 27 

4.24 

15.5 

218 

1.00 

59,400, coil No. 10 

0 A 27 

1 

4.24 

15.5 

218 

1.00 

1 29,800, coil No. 9 


horn of the pole. This change will be much larger for a tooth 
than for a slot. The above, in connection with Tables II and 
III, give a fairly good idea of the flux distribution and flux 
pulsations under actual running conditions, in contrast to the 
phenomena which obtain with the machine stationary and which 
are easily investigated, as indicated in Fig. 9. 
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Study of Table II and the oscillograms given in connection 
therewith reveals several interesting facts. A comparison of 
Figs. 10 and 12 will show that the kinks between .a + crest and 
a — crest, i.e ., under the pole-arc, are larger when the armature 
current is leading or demagnetizing than when it is lagging or 
magnetizing. Both E TT and E TW are larger for a given arma¬ 
ture current when it is leading than when it is lagging; for example 
at 39.5 amperes of line current (under synchronous motor opera¬ 
tion) E jt — 0.24 and F TW = 0.12 volts per turn. At 39.5 
amperes of condensive current the volts per turn increase to 
0.47 and 0.19 respectively. The field excitation in the former 
case was 2.9 amperes and the terminal voltage 212 (effective 
volts per phase); the corresponding quantities for the latter 
case being 6.4 amperes and 237 volts. In the light of the above, 
(see Table II) the explanation seems to be that in spite of the 



Fig. 13 

Exaggerated figure^showing e.m.f. induced in exploring coils at no-load and unequal 
spacing of tooth ripples. 

demagnetizing action of the leading currents the flux density in 
the gap increases on account of the higher excitation and voltage. 

Under s.s.c. the crest voltages E T t and £ TW do not differ 
as widely which is no doubt due to the very peculiar and dis¬ 
torted flux distribution as will be explained in the next section. 

In connection with the subject of tooth ripples, attention may 
be called to several other peculiarities. As % seen from Table IV 
and indicated in Fig. 13, the angular spacing of the tooth ripples 
from crest to crest is not uniform as ordinary theory would 
indicate. (See equations 13 and 3.4). In the first place, the 
angular spacing (1 + 2), (3 + 4), etc. Fig. 13, is slightly less 
than x/g, or in this case 15 electrical deg. Secondly the angular 
spaces 2, 4, 6, 11, and 13 are larger than 1, 3, 5, etc. ; this is prob¬ 
ably due to the hysteresis effect in the teeth. Thirdly, the 
amplitude d, Fig. 13 is distinctly smaller for £ lT than for E 5b 
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this is easily seen from Fig. 7 in which the waves were taken 
under the same operating conditions, using the same vibrator 

TABLE IV. 


Angular spacing in degrees (electrical) of the maximum and minimum crests of the 
tooth ripples of the no-load search coil e.m.fs. 


No. of 
oscill. 

Search coil 

Field 

amperes 

Mean angular spacing of (see Fig. 13) 

1, 3, 5 
& 7 

2, 4 & 6 

(1 + 2), 

(3 +4). 
etc. 

(2 + 3), 

(4 + 5), 
etc. 

1 

2 

3 

4 

5 

6 

7 

272 

No. 1, top of slot 

8.8 

6 

8.5 



0 A 35 

No 1, top of slot 


7.15 

7.35 


13.29 

0 A 35 

No.2, midd. of slot 


6.46 

7.81 

13.9 

14 

0 A 35 

No. 5, bott. of slot 


6.94 

7.21 

14 

14.2 

0 A 38 

No. 1, top of slot 

5 

6.64 

7.45 

14.18 

i 14.4 

0 A 38 

No.3,midd. of slot 

5 

6.64 

7.08 

13.77 

14 

0 A 38 

No. 5, bott. of slot 

5 

6.84 

8.03 



260 

No. 1, top of slot 

5 

6.41 

9.13 



263 

No. 3,midd.of slot 

4 

6.03 

8.43 



268 

No.5, bott. of slot 

5 

6.37 

8 


i 

Mean: 

6.55 

7.89 

14.09 

13.18 


and the same vibrator resistance. A quantitative idea of the 
variations may be gained from Table V. 

In Table VI are given the areas enclosed per \ cycle by En, 


TABLE V. 


| No. of 

oscillograms 

E.m.f. of 
search coil 

d 1 

x — X 100 

2 b 

See Fig. 13 

Field 

amperes 

Frequency- 
cycles 
per second 

272 

E lT 

7.5% 

8.8 appr. 

50 

272 


8.3% 

8.8 

50 

0 A 38 

e iT 

7.2% 

5 

60 

0 A 38 


7.9% 

5 

60 

0 A 38 


9.2% 

5 

60 


E 3m and £ 5b , and it is seen that for the bottom coil No. 5 
the flux is 107.5 per cent of that enclosed by the top coil. Under 
synchronous motor operation the percentage is smaller, about 
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103 per cent for leading, i.e. demagnetizing, and larger, about 
113 per cent for lagging currents. 

These phenomena may be explained on the basis of the follow- 
ing assumptions. Consider two surfaces, one passing through 
the top and the other through the bottom of the armature slots. 


TABLE VI. 

. M v ea ? areas of consecutive positive and negative half-waves of e.m.f. induced in full- 
pitch, 5-turn exploring coils at top, middle, and bottom of slots ** Eix ESm and jE5r 
respectively. 


No. of 
oscill. 
test No. 

Bit 

E3M 

or 

■EfiB 

Fre¬ 
quency 
in cycles 
per sec. 

Synchr. 
motor, 
short- 
circuit or 
no load 
oper¬ 
ation 

Approx. 

power 

factor 

Line 

current 

V 

(<£i —<£ 2 ) in 
mega-maxwells 
or volts per 
turn per cycle 

(<£ i-<^ 

in per 
cent 

Field 

amps. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0 A 32/104 
0 A 32/104 

E 3 M 
E 6 b 

59.5 

59.5 

S. M. 

S. M. 

0.42 Id. 
0.42 Id 

45.2 Id. 
45.2 Id. 

2.31 

2.40 


100 

104 


0 A 34/106 
O A 34/106 
O A 35/107 
O A 35/107 
0 A 35/107 

Ex T 
E3M 

Eit 
E 3 M 
Efi B 

59.5 

59.5 

59.5 

59.5 

59.5 

S. M. 

S. M. 

S. M. 

S. M. 

S. M. 

0.41 lg. 
0.41 lg. 
0.37 Id. 
0.37 Id. 
0.37 Id. 

52.6 lg. 
52.6 lg. 
52.6 Id. 
52.6 Id. 
52.6 Id. 

1.95 

2.05 

2.22 

2.235 

2.281 


100 

105 

100 

101.5. 

103 

! 


O A 33/105 
O A 35/105 
O A 35/105 

Eit 

E3m 

Ejsb 

59.5 

59.5 

59.5 

S. M. 

S. M. 

S. M. 

lag. 

lag. 

lag. 

60 appro 
60 appro 
60 appro 

1.93 

2.0 

2.18 


100 

103.7 

113 


O A 38/110 
O A 38/110 

Eit 

E 3 M 

60 

60 

no load 
no load 



2.316 

2.38 


100 

103.0 

5 

5 

O A 44 

O A 72 

Eit 

Ejb 

54 

54 

s.s.c. connection Y series 
s.s.c. connection Y series 

0.415 

0.282 


100 

70.3 

5 

5 

O A 51 

O A 54. 

O A 67 

Eit. 

E 3 M 

Ebb 

52 

52 

52 

s.s.c. connection Y series 
s.s.c. connection Y series 
s.s.c. connection Y series 

0.3095 

0.245 

0.0969 


100 

79.2 

34.4 

3.16 

3.16 

3.16 

O A 81 

O A 82 

Eit 

Ebb 

60 

60 

s.s.c. connection 2-phase 
s.s.c. connection 2-phase 

0.1348 

0.1056 


100 

78.3 

4.96 

4.96 


Assume that the flux density in the slots is smaller and in the 
teeth is .larger and more nearly perpendicular 1 " to the direction 
of rotation of the armature conductors, for the second surface 
than for the first. Further, if the armature were revo lving, the 
.10. Compare equations (4) and (4a) in supplementary notes. 
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peripheral velocity would have been larger for the second surface. 
These assumptions will partly at least explain the above and 
they seem reasonable as may be seen by examining the approxi¬ 
mate flux distribution 11 in slotted armatures under different load 
conditions. 

Tables VII and VIII give wave analyses of the e.m.fs. induced 
at no-load in different exploring coils. It will be seen that for 
a given field current, ■ for example 6 amperes, wave analysis 


TABLE IX. 

Showing increase of 3rd harmonic of e.m.f. induced in stator exploring coils, with increas¬ 
ing excitation. 


Exci¬ 

tation 

in 

amps. 

Third harmonic 
e.m.fs. induced in 
stator full pitch 
exploring coils 

. Per cent values of columns 

No. of oscillogram from 
which columns 

No. 2 | No. 3 | No. 4 

*= If 












No. 1 

No. 3 

No. 5 

No. 1 

No. 2 

No. 3 

No. 4 

were calculated 


e iT 

£ 3 m 

fiB 

is 

E lT 

£ 3 m 

EsB 




n 

2 

3 

4 

5 

6 

7 

8 

9 

| 10 

11 





No-load operation 





8.8 

2.21 


3.94 

320 

298 


532 

272 


272 

6.5 

1.08 



236 

146 



206 



6.0 

1.05 


1.89 

218 

142 


255 

201 


201 

5.0 

0.95 

1.67 

1.28 

1S2 

128 

225 

173 

206 

261 

266 

4.0 


1.09 


14:5.5 


147 



263 


3.0 

0.75 

0.97 

0.79 

109 

101 

131 

107 

228 

263 

228 

2.75 

0.74 



lOO 

100 



206 






Y series sustained short circuit 




5 

3.99 


7.52 | 

182 

532 


1000 

202 


286 

4 



5.12 

145.5 



684 



286 

3 

2.46 


4.04 

109 

328 


538 

229 


286 


Note: The sustained s.c. percentages are in terms of 0.75 volts, induced in top search 


coil No. 1 at no-load and 3 amperes excitation. 


I — 4, the amplitudes in maximum volts for the 1st, 3rd and 5th 
harmonics are respectively, 27.99, 1.05 and 2.42 for coil No. 1. 
The corresponding values from wave analysis J —* 21, Table 
VIII, for coil No. 5 at the bottom of the slot, are: 28.9, 1.89 

11. See for example, Figs. 110 and 111 p. 282 and p. 283, Principles of 
Electrical Design, by A. Still. Jour ., I. E. E. } Magnetic flux distribution 
in toothed core armatures. H. S. Hele-Shaw, A. Hay and P. H. 
Powell. Figs. 183, 223 etc. pp. 165 and 220, in S. P. Thompson’s Poly¬ 
phase Electric Currents, Second Edition. 
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and 3.75. As the third harmonic is of special interest in three- 
phase work Table IX has also been prepared; inspection of 
this table shows that taking the e.m.f. induced in coil No. 1, 
at the top of the slot, at 2.75 amperes of field excitation, as 100 
per cent, the third harmonic of e.m.f. increases for coil No. 1 
with increasing excitation until it reaches 298 per cent at 8.8 
amperes of field current. Under s.s.c. we have a similar condi¬ 
tion; the third harmonic for coil No. 5 reaches 1000 per cent 
while the corresponding value for coil No. 2 is 532 per cent at 
5 amperes. 12 

In Fig. 14 the e.m.fs. E C tt and E CTS induced in a single 



Fig. 14 

Oscillogram No. O A 75. Test No. 187. Open-circuit test at 5 amperes field excitation 
and normal speed. First wave: (e.m.f. induced in single conductor No. 14 at top of tooth) 
-f- (e.m.f. induced in single conductor No. 13 at top of immediately succeeding wedge) 
= -Ecct -f- -Ects. Second wave: jEcts. Third wave: jEctt. Same vibrator used for 
all exposures. 30 ohms resistance in vibrator for JSctt -f- £cts; 10 ohms for other two 
waves. 


conductor placed on top of a tooth and on top of a slot respec¬ 
tively (see coils No. 13 and 14, Fig. 3) show certain peculiar 
differences in that E CTT has nine distinct kinks while E crs 
has eight. This is easily explained by following step by step 
the variational e.m.f. induced in a conductor on top of a tooth 

and one on top of a wedge, as the armature slots move with 
respect to the field poles. 


, a tentative explanation of Jhe fact observed, namely that the 

third harmonic of e.m.f. for a given exploring coil will increase with 
excitation see, P. Janet, Lecons d' electrotechnique generate , T. II, p. 191. 

owever, note further that not only the 3rd harmonic increases for a 
given coil with increase of field current but it seems to increase faster for 
a search coil at the bottom of slot than one at the top of a slot. 
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IV. Experimental Investigation of the Direct Component 
of Armature Reaction and the Resultant Flux 
Distribution Under Sustained Short- 
Circuit Conditions 

The armature current under s.s.c. has been found to be very 
closely sinusoidal, as can be seen by inspecting first two waves 
in Fig. 15 and fifth wave in Fig. 16, which are for Y and delta 



tAVwVWtfVW 


1-B-J 


Fig. 15 


Oscillogram No. 281. Table X. Sustained short circuit with machine series delta con¬ 
nected. Second straight line; zero line for first two waves representing armature phase 
current at 3.27 and 4.1 amperes field excitation respectively. Third and fourth waves 
give e.m.f. induced in 29-turn full-pitch rotor exploring coil No. 7, under same conditions. 


connections. . A quantitative idea of the approach of these 
waves to a sine wave may be gained from Table X. 

Throughout this paper the armature current under s.s.c. will 
be assumed to be sinusoidal and if the armature winding were 



1 

2 

3 

4 

5 


r IG* ID 


Oscillogram No. O A 44. Test No. 148, Table XV. Exposure No. 1. Open-circuit test 
at 5 amperes field excitation and 54 cycles per second. First wave: contactor. Third 
wave: Eit = e.m.f. induced in coil No. 1. Exposure No. 2. Sustained short-circuit test 
with machine series Y connected. Same excitation and speed as before. Fourth wave: 
Eit. Fifth wave: line current. Second wave: contactor. 


sinusoidally distributed, see Fig. 17, the armature m.m.f. would 
be sinusoidal. However, it can be shown (see supplementary 
notes, equation 30) than an ordinary armature winding with 
N conductors per slot and one slot per pole per phase, see Fig. 
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18, supplied with a sinusoidal current will be exactly equivalent 
to: (1) a winding sinusoidally-distributed (in space) having a 
pitch of r cm. or inches. (2) a winding sinusoidally distributed 
having a pitch of r/3 and as raany turns as the first, etc., 
etc. In other words, imagine a set of sinusoidally distributed 
windings, of pitch r/k , where k is the order of the space harmonic, 

TABLE X. 


Per cent amplitude of armature current, ia, at every 30 deg., under s.s.c. and the machine 
Y-series and delta-series connected. 


6 in degrees.. 

0 

30 

60 

90 

120 

150 

180 

sin 6 X 100. 

0 

50 

86.6 

100 

86.6 

50 

0 

ia , Y conn, (oscill. 0 A 44). 

0 

51.1 

84.5 

100 

85.4 

50 

0 

ia T A conn, (oscill.281). 

0 

48.7 

81.2 

100 

85.1 

48.7 

0 




all placed in series and carrying the same sinusoidal current 
(with respect to time): These will produce the same H -curve 
as the actual non-sinusoidal winding carrying the sine-wave 
current of fundamental (with respect to time) frequency. 

Without going further into the analysis of this, suffice to 



Fig. 17 

# Schematic representation of three-phase two-pole armature winding which is sinusoidally 
distributed (in space). 

state 13 that for a polyphase alternator, with a sine wave (with 
respect to time) armature current and any ordinary type (non- 

13. See A. Potier, Journal de Physique , 1897, Z me serie, T. VI, p.341 
and 483. A. Blondel, V Eclairage Electrique , 1895, T. IV, pp. 241, 308 
et 358. T. V., p. 268. See also P. Janet, Lecons d 1 Electrotechnique 

generate ? T, III, Chp. V. Alex. Russell, Altern. Currents Vol. II, Chp. 
XIV, 
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sinusoidally distributed, in space) winding, the resultant m.m.f. 
curve can be considered as consisting of a series of if-curves, all 
of fundamental frequency (in time) but having a pole pitch 
r/k and an amplitude equal to: 

Nph 


TT 
±1 a 


5 - Df • Sp.f. 


( 31 ) 


where N ph 
H m 
S 


Df 


number of phases. 

( 4 / 7 r) F m . See Fig. 18. 
slots per pole per phase. 


X 


sm 


7 r 


distribution factor = 


S sin 


X 


7 r 


X 

Sp.f . 


slot pitch. 

short-pitch factor = cos e k ir, where (1 — e) r - 
winding pitch. 

For a three-phase alternator the first, seventh, thirteenth etc., 

or (6 71 H - 1) t h space harmonics, 
(n = 0, 1, 2, 3 etc.), will rotate in the 



f 

Ym 



1 . . 

11 o - . * 

* * » 

V* * 

- 'N Conductors 
per. Slot 

n * • 

2 ** 


or at an angular velocity o)/p k. The 
(6 n — 1) th harmonics will rotate in 
the opposite direction with the same 
velocity. In mathematical short-hand the above may be ex¬ 
pressed as follows: 


Fig. 18 


(■ 


Hi = H a cos ( CO t 
Hz = 0 

= Ha COS (cO t + 


X 


H 


H-, = Ha cos ( CO / 


(■ 


5 X 


7 x 


r ) 

T ) 

t\, etc. 


( 32 ) 

( 33 ) 

( 34 ) 

( 35 ) 


where H a is given by ( 31 ) 

In case of two-phase machines the first, fifth etc., or (4 n + 1) 
t h space harmonics will travel in one direction while the third, 
seventh etc. or (4 n — 1) th space harmonics will travel in the 
opposite direction. The expressions for these will be similar to 
the ones given above and their amplitude will be given by ( 31 ) 
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• ? m :? u l centimeter at any point * of the stator per¬ 
iphery will be (4 t. 10-i H ) wherSi v 

H — Hi + Hf, + Hi etc. 

- sum of series of sinusoidal H-w aves, all of fundamental 
frequency and having phase angles, (- 6 Xl tt/t) 

(+ 6 Xl t/t), (- 12 X! tt/t), etc., with respect to the 
fundamental whose phase angle (- Xl tt/t) is assumed 
to be zero. See Notes B and C. 

This leads to the following important proposition: With poly- 

law^in^rf CUrrentS varyin 2 acc °rding to a sine 

distributed 

d . _iii Ko ,, g ’ } m T e ' the H-crnve will be sinusoidal 
( • •, 11 be the sum of a senes of sine waves). Thus, under load 



Fig. 19 

Oscillogram No. O A 13. Test No 39 -d^+„ , . 

(158 per cent normal current) introduced into th * and three -Phase 85.8 amperes 

e.m.f. impressed on statorSecond Zt Erlt 7 T °? f ‘ * onr “- FirSt waTC: 
Third wave: =emf indnoArl * f ii educed in full pitch search coil No. 1 

liftos: calibrations for E,'t and £ b resect ? , ““ N °' Second -“d fou.th 

tating field set up by three-phase currents. 7 ' ° ® lT and E > B are due ‘he ro- 

A 

or s.s.c.,_in case of induction motors or alternators, the tf-curve 

CoLemTrX v if tme) amatUre CUrrents wil1 be sinusoidal. 

1 i 1 h ® 1 permeabiHty be instant, and uniform 
across the pole-face, the B-curve due to armature reaction will 

also be sinusoidal. However, if we find the e.m.fs. induced in 
exploring coils due to armature reaction to be distorted this 
must be charged to the permeability jx, of the circuit. The 
importance of this result will be appreciated when we attempt 
to explain certain phenomena to be considered presently. 

3 nbfc 19 S1VeS , E l T and Es * wben tbe s^tor was supplied with 
3-phase currents from an outside source and the rotor removed 

It is seen that the impressed e.m.f. does not deviate greatly 

fhe m bo a ttr rr , But the *»• ind - ed «^ l z 

the bottom of the slot is peaked and over 150 per cent of E lT 
e.rn.f. induced m coil on top of slot. The waves given in 
Fig. 20 were taken with the rotor in place m d running without 
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excitation at a speed corresponding exactly to that of the gliding 
field produced by the three-phase stator currents. In this case 
the current supplied was only 28 per cent of full-load current. 
As in Fig. 19, E 5b is more peaked than Ei x ; Eq b = 1.17 Ei x . 

Assuming the m.m.f. per centimeter to be the same at the top 
and bottom of the slot, it is clear that the inequality between 
Eit and E 5b must be charged, at least partly, to the difference 
in permeance between the points considered. Generalizing the 
above it can be stated that although the ET-curve due to armature 
currents may be sinusoidal the E-curve will differ from the 
former for two reasons: First, the lack of constancy and uni¬ 
formity in jjl across the pole face; further the E-curve at the 
bottom of the slot may differ from that at the top owing to the 
difference in the permeance per unit area at these two points. 



Oscillogram O A 60. Test 177. First wave: E x t ~ e.m.f. induced in full-pitch search 
coil at top of slot. Second wave: E 5 b = e.m.f. induced in full-pitch search coil at bottom 
of slot. A-c. supplied from outside source = 15.1 amperes. Two exposures taken under 
identical conditions. Rotor not excited and run at synchronous speed. Same vibrator 
used for both exposures. 


Second, according to the degree of saturation the E-curve will 
1 e more or less flat topped; this of course is well known especially 
in connection with induction motor design. 

It is possible for the E-curve due to armature reaction alone, 
to undergo certain oscillations, similar to those described in 
Section III. However, a little study of Table I, columns 8 
and 9 and of Figs. 19, 20 and of others to be given later will show 
that these secondary effects may safely be neglected. 

Summarizing then we can state that the experimental 
and theoretical studies given herein and by others show 
that the no-load flux may and does deviate from a 
sine wave to the extent of containing the 3rd, 5th and 7th 
harmonics to the amount of 10 per cent or thereabouts. The 
field-form of most modern machines, at no load or full load 
approaches reasonably well the general shape of a sine wave 14 

14. W. J. Foster, Trans., A. I. E. E., 1913, Vol. 32, p. 749. L. A. 
Herdt, Trans., A. I. E. E., 1902, Vol. 19, p. 1093. 
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3.ii(i is symmetrical with respect to the 7 r/2 or the (geometrical) 

pole-axis except in case of loads having considerable cross- 
magnetizing effect. 

As explained before the H -curve due to armature reaction 
will be sinusoidal while the 5-curve will show no extreme devi¬ 
ations from a sine wave. This, rather theoretical result, is 


Wave analysis No.: I l — l 
No. of oscillogram: 202 
Field excit. amperes: 4.95 
Expl. coil, No. 1, top of slot 


Order of 
harmonics I B, volts 


A, volts I C, volts 
r 


1 

3 

5 

7 

9 

11 

13 

15 

17 

23 

25 


1.24 

- 0.004 
1-96 
3.32 
1.06 

- 1.86 
0.91 

- 1.12 

0.45 

0.027 

- 0.31 

- 0.097 

- 0.193 

- 0.34 
0.128 
0.086 

- 0.056 
0.10 
0.005 
0.12 
0.004 
0.004 


TABLE XI 


11 ~2 
229 
3 

No. 1, top of slot 


Ci 


X 100 


1.24 
100% 
3.99 
323% 
2.14 
172.5% 
1.45 
116.8% 
0.45 
36.5% 
0.32 
25.86% 
0.39 
31.7% 
0.15 
12.5% 
0.12 
9.5% 
0.12 
9.5% 
0.006 
0.5% 


A, volts 


B, volts 


1.16 

- 0.03 
0.98 
2.26 
0.17 

- 1.16 
0.67 

• 0.78 
0.03 

• 0.001 

■ 0.24 

0.01 

0.01 

0.02 

0.004 

0.003 


C, volts 
f C 


Ci., 


100 


1.16 
100 % 
2.46 
213% 
1.77 
152.5% 
1.1 
95% 
0.03 
2 . 8 % 
0.03 
2.24% 
0.27 
2.29% 
0.004 
0.4% 


//-3 
286 
5.02 

No. 5, bottom 
of slot 


A, volts C, volts 


B> volts 


- 1.05 

- 0.92 

- 3.64 

- 6.47 
1.77 

• 1.37 
■ 1.05 

• 2.47 

• 1.18 
0.72 
0.11 
0.02 
0.88 
0.95 


'C\ 

rj" 

1.39 
100 % 
7.42 
532% 
2.24 
160.5% 
2.7 
193% 
1.38 
98.9% 
0.11 
81% 
1.29 
92% 


Note: 


/ / — 4 

286 

3 

No. 5, bottom 
of slot 

_ • . . 

;s A, volts 

C, volts 

30 B, volts 

(£)ioo 


\CiJ 

0.85 

0.86 

0.13 

100% 

1.97 

4.24 

3.74 

490.5% 

- 1.15 

1.49 

- 0.96 

173% 

1.25 

2.04 

- 1.61 

236% 

1.51 

1.75 

0.87 

203% 

- 0.18 

0.38 

- - 0.34 

44.4% 

- 0.33 

0.71 

0.63 

, 

82.5% 


♦v. --• ^aiysis or waves obtained under see with 

the machine senes Y connected. See also note. Table VIII. as to mean^ oT A. B, C 

further corroborated by the oscillograms given in Figs. 19 and 

. According, to these, either with the rotor removed or in 

place and running at synchronous speed, the e.m.fs. induced in 

s a or search coils, due to stator currents alone, are fairly smooth. 

Fmthermore the flux pulsations as indicated by the rotor coil 

/I’ ^ RFl and (under s.s.c.) were found to be 
tremely small. 


ex- 



1918] DIAMANT: SUSTAINED SHORT CIRCUITS 1169 

The resultant of two or more sine waves is, of course, a sine 
wave, and therefore it might be expected, at first sight, that the 
resultant of the B-curve due to the field and that due to the 
armature reaction will not deviate greatly, from a sine wave, 
since neither of them is very distorted to begin with. However, 
turning to oscillograms obtained under s.s.c. we find indications 
of an extremely distorted flux distribution. A glance at Figs. 
23, (fourth wave) 16, (fourth wave) etc. and Table XI which 
gives the coefficients of the harmonics of the waves obtained 
under s.s.c., show that the 3rd harmonic of e.m.f. induced in 
the stator search coils is several hundred per cent of the funda¬ 
mental and that a number of other harmonics are quite com¬ 
parable to it. 

In order to avoid any false deductions and detect any peculiar 
defects in the machine under test to which the distorted s.s.c. 
waves might be due it was considered advisable to investigate 



Fig. 21 

Oscillogram No. O A 40. Test No. 116. Tables I and II. First wave: line current 
Second wave: Etts ~ e.m.f. induced in coil No. 12. Third wave: Erf = e.m.f 
induced in full-pitch rotor coil No. 7. Synchronous motor operation. Line current = 76 
amperes lead. Line voltage =* 241 volts. Power factor — 0.28 Id. 

briefly the B-curves obtained under different loads. For this 
purpose the machine was run as a synchronous motor and a 
number of oscillograms taken, a few of which have been included 
in the paper. 

As seen from Figs. 21, 22 etc., the waves Ei x , jE 3m , E rf , 
E rc etc. are not unlike those obtained at no-load with small 
variations which might have been expected. It will be observed 
by comparing Fig. 22 and Fig. 7 that the tooth ripples are 
smaller under synchronous motor operation. One of the im¬ 
portant results of this series of tests was that even with heavy 
magnetizing or demagnetizing armature reactions, (no field 
excitation, or 150 per cent or more excitation) the flux distri¬ 
bution did not in any way approach the B-curves obtained under 
s.s.c. 

Other points of interest have already been considered in the 
previous section and as the subject is not new it will not be 
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considered any further. However, attention may be called to 
the e.m.f. induced in the rotor search coils No. 7 and 8. The 
e.m.f. waves of these coils show 2 q — 24 small indentations per 
cycle which are due to the teeth. The e.m.f. of full-pitch coil 
No. 7, shows a large superimposed oscillation which recurs every 
B deg., see Pig. 21, 3rd wave. 

As shown clearly in the supplementary notes this is due to 
the fifth and seventh space harmonics of armature reaction and 
as indicated in Table I column 5, B — 60 elec, deg., Fig. 21, 
i.e.y the periodicity of the superimposed wave is 360/60 = 6 
times machine-frequency, as we would expect. The long flat 
oscillations which repeat themselves every A — 1080 elec, deg., 

see Fig. 5, and Table I column 4, are due to eccentric rotor, as 
explained before. 



Fig. 22 

OsciUogratn No. O A 35. Test No. 106. Table VI. Machine Y parallel connected and 
run as synchronous motor. First wave: £ lT = e.m.f. induced in exploring coil No. 1 

l tOP jf. !l f Se0OI L d wave: E »“ = Educed in exploring coil No. 3 at middle of 

fuiLnt - ^7% u = T‘ f ' indUCed “ explorin8 coiI No - 5 bottom of slot. Line 
current - 52.6 lead. Power factor = 0.37 approx. Compare to Fig. 7. 


To determine the armature reaction under s.s.c., experiment¬ 
ally, in terms of the voltages induced in the stator coils the 
writer resorted to the following method. A contactor 15 having 
a fixed space relation with respect to the poles was placed on 
the machine. This closed a direct-current circuit of very little 
inductance so that the rise of current was quite abrupt and the 
instant of make well defined. See Fig. 23. An exposure was first 

j _. » open circuit e.m.f. in- 

duced m one of the search coils. The zero lines of both waves 

were then moved, in the same direction, and a second exposure 

was made giving the contactor and search coil e.m.f. under the 

same operating conditions except that the machine was short- 
circuited at its terminals. 


Aj'Je* vTu r U ooi iS SlmiIar t0 the one described in Trans., 
bmsh rigging P ' ’ eXC6Pt f ° r S%ht Changes in the design of the 
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Obviously it is thus possible to determine accurately the 
point on the s.s.c. wave corresponding to any point on the open- 
circuit wave. If we designate by e f0 the e.m.f. induced in one 
of the stator coils No. 1, 3, or 5 at no-load and given field current 



Fig. 23 

Oscillogram No. O A 72. Test No. 184. Table XV. Exposure No. 1. Open-circuit 
run at 5 amperes field current and 54 cycles per second. First wave: contactor. Third 
wave: E 6 b — e.m.f. induced in exploring coil No. 5, at bottom of slot. Exposure No. 2 
Sustained short circuit; series Y connection and under same conditions. Second wave 
Contactor. Fourth wave: E 5 b. 

and speed, and by e r the e.m.f. induced in the same coil under 
the same conditions of speed and excitation but with the machine 
short-circuited, we can, as a fair approximation assume that e/ 0 



Fig. 24 

E a curves ** difference between no-load and s.s.c. e.m.fs. induced in top, bottom and 
middle of slot full-pitch exploring coils, Nos. 1, 3 and 5 == ( Efo — E r )—field current =*3.16 
amperes — periodicity = 52 cycles per second — Y series connection. 


plus a certain e.m.f. e a , which we can charge to armature reaction, 
give us the resultant e.m.f. e r . 

Fig. 24 shows e a — (e r — e/ 0 ) for the three full-pitch stator 
exploring coils taken at a field excitation of 3.16 amperes and a 
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frequency of 52 cycles per second; 3.16 amperes being the field 
excitation necessary to send full-load current under s.s.c. Fig. 
25 gives e a for a frequency of 54 cycles per second and a field 
current of five amperes. 

Table XII gives the wave analysis of e a , Fig. 25 coil No. 1, 
and Fig. 24 coils No. 1 and 5. It is seen that the 3rd harmonic 
is 21 per cent for five amperes field excitation and drops to 
about 5 and 6 per cent at 3.1 amperes of excitation. A general 
idea of the shape of these e a curves of armature reaction may be 
obtained from Fig. 24a which is an average smoothed out 
curve representing the waves given in Fig. 24 for coils No. 1 

and 5. 

The last two columns of Table XIII give the wave analysis of 



ELECTRICAL DEGREES 
Fig. 24a 


Average “Smoothed Out’ curve representing e.m.f., Ea induced in coils No. 1 and No. 5 
Fig. 24. 

e a as obtained by subtracting (1 - 5) Table IV, from (II - 1) 
Table XI. (I — 5) gives the wave analysis of the e.m.f. induced 
in coil No. 1 at no-load and 5 amperes of excitation, while 
(II— 1) gives the analysis of the corresponding wave of the 
same coil with the machine Y connected and short-circuited. 
Comparing (II — 1) — (I — 5) with the wave analysis of e„, 
Table XII, it will be seen that the agreement is satisfactory. 

The important result derived from the above is that the s.s.c. 
flux distribution is badly distorted primarily on account of the 
fact that the fundamental of the resultant flux is so greatly 
reduced that the higher harmonics become quite predominant. 
For ex am ple, from Table VII, wave analysis (I— 5), the 3rd is seen 
to be 0.95 volts which is 3.75 per cent of the no-load fundamental, 
which is 25.3 volts; but it is (0.95/1.24) X 100 = 67 per cent 
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of the s.s.c. fundamental. From wave analysis (II — 1) Table 
XI, the third harmonic under s.s.c. is 3.99 yolts i.e., (3.99/25.3) 
X 100 = 16 per cent of the no-load fundamental, but (3.94/1.24) 
X 100 = 323 per cent of the s.s.c. fundamental. The increase 
from 0.95 volts to 3.99, on the other hand, must be charged 
mainly to the 5-curve of armature reaction which will be dis¬ 
torted, unlike the H -curve producing it, which will be sinusoidal 
Turning to Table XII, consider wave analysis No. (VI— 1) 
which gives the coefficients for jEjt at five amperes excitation 
and 54 cycles per second. The fundamental is seen to be 23 



0 20 40 60 80 100 120 140 160 180 

ELECTRICAL DEGREES 

Fig. 25 

Ea curves ** Efo — Er * difference between open-circuit and s.s.c. e.m.fs. induced in 
full-pitch exploring coils Nos. 1, 3 and 5 - field current - 5 amperes—periodicity - 54 
cycles per second—Y series connection. 


volts; the 3rd is 21 per cent of e a but (60/54) (5.05/1.24) X100 
equals 450 per cent of the s.s.c. fundamental. 

In general, then, if both the flux distribution at no-load and 
the flux wave due to armature reaction are distorted to the ex¬ 
tent of containing 10 to 20 per cent 3rd and 5th harmonics, the 
resultant s.s.c. flux distortion will be badly distorted, because 
the above harmonics will amount to several hundred per cent 
of the fundamental, of the s.s.c. wave. Assume, for example, 


that e f0 and e a consist of: 

1st harmonic 

3rd 

5th 


efo 

100 per cent 
10 44 44 

5 “ 41 


95 per cent 

10 44 “ 

5 44 “ 
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These values are quite conservative as inspection of Tables VII, 
VIII, and XII will show, and neither of the waves can be said 
to be very distorted. The resultant s.s.c. flux distribution will 
be equal to e r - (e/ 0 + e a ) and the amplitudes of its 1st, 3rd, 
and 5th harmonics will be 5, 20 and 10 or 100, 400 and 200 per 
cent respectively, in terms of the s.s.c. fundamental. These 



electrical degrees 


Illustrating how the 
tained short circuit. 


Fig. 26 

extremely distorted resultant wave forms are produced under sus 


are drawn in Fig. 26 and their 
distorted and not unlike the 
under s.s.c. 


sum, e T is seen to be extremely 
waves obtained experimentally 


“ “ now distribution waves under synchron. 

°l“I atl °» deviate comparatively little from tie no- 

underV e ST 7 “ 7er7 '° W TOltages “ a « obtained 
under S.S.C., the harmomcs of the field and armature reaction 
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will assume a predominant r6le (unless they happen to be out 
of phase by ^ of their own period and thus neutralize each other). 
In Fig. 27 the angular spacings between different crests are 


(3) 



Fig. 27 

Oscillogram No. O A 68. Exposure No. 1. First wave: contactor. Third wave 
e.m.f. induced in coil No. 5 at no load, 3.1 amperes field excitation, 52 cycles per second. 
Exposure No. 2: Machine series Y connected and short-circuited at same excitation and 
speed. Second wave: contactor. Fourth wave: E 5 b. See Fig. 24. 


designated, A, B, D, E and F and their values for different kinds 
of s.s.c. are given in Table XIV. From this it is seen that A 
is approximately 105 deg., or nearly equal to the pole-arc, as 
it would be expected—see Fig. 26; E , Fig. 27, is about 75 deg. 


TABLE XIV. 


Data relating to the e.tn.fs. induced in the coils at the top and bottom of different slots 
under s.s.c. and the machine connected, series Y, series A an d two-phase. Frequency 
— 60 cycles per second. 


No.of 

oscill. 

Field 

amps. 

Ext 

E 6 b 

Kinds of 
short-circuit 

A 

B D E 

in degrees 

see Figs. 27, 34, etc. 

F 

202 

, 

4.95 

Eit 

Y 

105 

51.3 

. 40 

75.5 

19 

0 A 88 

5 

Err 

Y . 

106.3 

48 

35.6 

65.2 

10 

226 

5 

Eit 

Y neutral in 

109 

51 

37 

70 


0 A 89 

5 

Efi B 

Y 

103.2 

50.4 

37.1 ’ 

73.6 

10 

O A 88 

5 

Eit 

A 

104.5 

49.7 

41.8 

75.4 

10 

275’ 

4.9 

E 6 b 

A 

106.2 

50.8 

39.2 

73.5 


0 A 89 

5 

Eg B 


104.5 

49.3 

36.8 

72.0 


O A 81 

4.96 

Eit 

two-phase 

105 " 

51.1 

36.8 

72.3 

17.4 

0 A 86 

4.96 

Eit 

two-phase 

105.3 

47.8 

48.2 | 

76.1 

15 

0 A 82 

4.96 

EfiB 

two-phase 

104.9 

52.4 

42.9 

79.2 

10.1 


so that (yl + E) = 180 deg. D is nearly (1/2 E ) but B is less 
than (1/2^4); referring to the theoretical assumed curve e T of 
Fig. 26, it will be easily seen that if the transverse armature 
reaction (due to the active or in-phase component of armature 
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current with respect to the geometrical pole-axis) is not entirely 
negligible, the peaks (1) and (3) will be unequal, as it is the case 
in actual oscillograms Figs. 23 and 27, etc. A little considera¬ 
tion will show that the cross-magnetizing armature reaction 



Fig. 27a 

Oscillogram No. 0 A 76. Test No. 188. Exposure No. 1. Open circuit run at 5 amperes 
field excitation and normal speed. First wave = (£ctt — -Ects) =* (e.m.f. induced in 
single conductor at center of tooth. No. 14, Fig. 3) —(e.m.f. induced in single conductor at 
top of succeeding wedge, No. 13, Fig. 3). This should be compared with Fig. 14. Exposure 
No. 2. s.s.c. run under same conditions. Second wave: JScts. Third wave: JSctt. 
These two waves should be compared with Figs. 23, 27, 28a, etc., which give the e.m.fs. 
induced in full-pitch exploring coils. 


will not only reduce, say crest (3), Fig. 26, but will shift crest 

(2) towards (3). Thus the angle B, between (2) and (3), Fig. 

26, will be less than (1/2 ^4) = angle between crests (1) and 

(3) , Fig. 27. 



X 1 lb, 


AO 


Oscillogram No. 0 A 81. Test No. 193. Tables XIV and XV. First wave: Contact 
wave. it =** e.m.f. of coil No. 1 at 4.96 amperes of field current, 60 cycles per second 
and no-load. Second wave: contactor. Fourth wave: E x r under same conditions 
except machine short-circuited and connected two-phase. 


In Fig. 27 the different crests are designated 1, 2, 3, etc. and 
their values in maximum volts for different kinds of s.s.c. are 
given in Table XV. Study of this table shows that for three- 
phase Y or delta s.s.c. the peaks on the same side of the zero line, 
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i.e., (1), (3) or (4), (6) are quite unequal which might have 
been expected according to the preceding paragraph. Compare 
also Fig. 27a. In case of two-phase s.s.c., however, the corres¬ 
ponding crests (1), (3) or (4), (6) are very nearly equal. See 
Fig. 28. 



Fig. 28a 

Oscillogram No. 0 A 89. Test No. 201. Table XIV and XV. First wave: Contactor. 
Third wave: E s b = e.m.f. induced in search coil No. 5 under sustained short circuit at 
5 amperes field excitation, 60 cycles per second and series delta connection. Second wave 
Contactor. Fourth wave: E s b under same conditions, using same vibrator, etc., except 
machine series Y connected. 


^Before comparing further the s.s.c. phenomena with the alter¬ 
nator connected Y and delta, see Fig. 28a, also Y with the neutral 
in, and two-phase, attention should be called to the fact that 
the two-phase connection was only an imperfect one, the angle 



Three-phase two -circuit Two-phase connection giving 81.8 
armature* degrees between phases 

Fig. 29 

between the phases being 81.8 deg. instead of 90. This is clearly 
shown in Fig. 29 which is self-explanatory. Further as stated 
in the beginning of this section the armature current under 
three-phase s.s.c. is sinusoidal, which is not true in this case as 
may be seen from Fig. 4, first wave. 
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In view of these two discrepancies it seems rather remarkable 
that the general wave shapes of the e.m.fs. induced in the search 
coils under two-phase short circuit, Fig. 28, are so similar to 
those obtained with three-phase connection, see Figs. 23, 27 etc., 
except for some small differences which will be considered pres¬ 
ently. 

In all the tests with two- or three-phase connection Eq b was 
always found to be considerably larger than Ei t so that in 
many cases it was necessary to insert extra resistance into the 
vibrator circuit. It will be recalled that this difference in the 
e.m.fs. induced in coils No. 1 and 5 has already been pointed out 
in connection with Figs. 7, 20, 22 and Table VII and IX, and it 
has been ascribed to the fact that the flux density at a surface 
bounding the bottom of the slots may be larger and more 
nearly perpendicular to the search coil conductors, than the flux 





■ 

b b 

t 1 

- 7 . 

* 

* fc .— .. —> 






(b) 

Fig. 30 

Assumed flux distribution at top and bottom of slot. 



density at the top of the slots. To illustrate this point quanti¬ 
tatively, assume Fig. 30a and 30b to represent the flux distribution 
at two surfaces bounded by the top and bottom of the slots 
respectively. For different values of /?, the ratio of the 1st 
and 3rd harmonic of wave 30b to the 1st and 3rd harmonic of 
Fig. 30a, if B t = B b , is as follows; (B b = flux density at 
bottom of slot. B 7 = flux density at top of slot). 


P in degrees.. 

Ratio of firsts. 

Ratio of thirds. 

1 

1.022 

1.005 

5 

1.005 

1.01 

10 

1 

1.005 

20 

1.02 

1.205 

30 

1.11 

1.575 

If -Bb (1.09 B t ) which is a fair assumption (see Fig. 20) the 
ratios are as follows: ' 

f - . ... _ 

P m degrees. h 

Ratio of firsts... 

] Ratio of thirds... 

1 

1.115 

1.092 

5 

1.09 

1.103 

10 

1.09 

1.37 

20 

1.1 

1.31 

30 

1.21 

1.91 
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Further, with all connections the crests (2) and (5) columns 
(7) and (10) Table XV, Figs. 23 and 27 are distinctly larger for 
E is than for En. Again, the amplitudes of these crests in 
volts do not differ greatly for delta or for Y connection but are 
smaller for two-phase connection. For example, crest (2) for 
Eu is about 3.7 for delta and it is 4 volts for Y, but it is only 
about 1.8 or 2.6 for two-phase connection. The reason for this 
will be seen from Fig. 26 which shows that crest (2) is due 


TABLE XV. 


Data relating to the crest values of the e.m.fs. induced in the stator search coils No. 1, 
No. 3 and No. 5 under s.s.c. with the machine connected series Y, series A and two-phase. 


No. of 
oscill. 

Field 

amps. 

Kind of 

s.s.c. 

. Fre¬ 
quency 

Coil 

e.m.f. 

Amplitudes in max. volts of: 

Crest 

0) 

Crest 

(2) 

Crest 

(3) 

Crest 

(4) 

Crest 

(5) 

Crest 

(6) 








See 

Figs. 27, 28, etc. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 


202 

4.95 

Y 

60 

£,t 

6.62 

4.01 

7.88 

6.4 

3.7 

7.56 

l° 

A 44 

5 

Y 

54 

£it 

5.45 

3.25 

7.12 

5.6 

3.25 

7.49 

0 

A 88 

5 

Y 

60 

e \ t 

7.21 

6.12 

11.24 

7.17 

6.21 

11.24 

0 

A. 43 

5 

Y 

54 

.EoM 

4 • 24 

4.24' 

9.48 

4.24 

4.69 

9.48 

0 

A 72 

5 

Y 

54 


6.43 

5.01 

10.62 

6.3 

5.28 

10.43 

0 

A 89 

5 

Y 

60 

-EgB 

7.47 

5.66 

11.75 

6.89 

5.89 

11.64 

275 

4.64 

A 

60 

JB, T 

7.86 

3.73 

9.59 

8.06 

3.73 

9.45 


275 

4.9 

A 

60 

£ b b 

8.34 

6.12 

12.32 

7.92 

6.53 

12.67 ; 

0 

A 88 

5 


60 

B iT 

6.20 

3.77 

8.05 

6.2 

3.69 

8.05 

0 

A 89 

5 ' 

A 

60 

■^kB 

7.37 

5.98 

11.32 

6.83 

5.98 

11.54 


205 

5 + 

two-phase 

60 

u 

8.23 

2.62 

8.11 

8.11 

3.08 

8.11 

0 

A 81 

4.96 

two-phase 

60 

E lT 

7.89 

1.85 

8.32 

7.68 

1.85 

7.89 

0 

A 86 

4.96 

two-phase 

60 

e iT 

9.42 

1.95 

9.74 

9 42 

1.95 

9.74 

0 

A 52 

3.16 

Y 

52 

e iT 

3.1 

1.94 

4.08 

3.1 

1.75 

4.37 

0 

A 54 

3.16 

Y 

52 

•E3M 

2.52 

2.81 

5.91 

2.71 

2.47 

5.91 


to the amplitude of .the armature reaction which is the same for 
delta or Y but it is smaller for two-phase connection (imperfect) 
on account of the distribution factor of the winding. 

Taking everything into consideration, it is found that the 
e.m.fs. induced in rotor coils with two-phase connection are 
fairly regular; this is further illustrated by wave analysis V 4 
and V — 5. Table XIII and also the c a curves given in 

Fig. 31. 

However, leaving aside, for a moment, all .secondary effects 
it may be well to refer to a graphical explanation given by A. 
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E. Clayton. 16 He considers an ideal alternator with no magnetic 
oscillations or secondary effects, no fringing, etc.; the no-load 
field form may then be assumed to be rectangular and the arma¬ 
ture reaction to be portion of a sine wave as indicated in Figs. 
32a and 32b. The resultant curve is given in Fig. 32c which 
resembles in general the waves obtained under s.s.c. conditions. 

The rotor exploring coils under s.s.c. show 2 — 24 ripples per 

cycle due to the teeth. See Table I, column 6 and Figs. 8b 
and 8c. They also indicate oscillations which repeat themselves 



Fig. 31 


Ea.curves — Efo— Er - difference between 
full-pitch, top and bottom search coils—field 
cycles per second—connection = two-phase. 


open circuit and s.s.c. e.m.fs. induced in 
excitation = 5 amperes—periodicity =* 60 


every 60 deg. See column 5. These as already explained, are 

maV VT ! Tf° n ^ thek iagged asymmetrical shape 
may be accounted for as suggested in Fig. 33 where A and B 

of^ ^ ar . rr f^ Ure reaction and the teeth, and have a frequency 

be sMar tfi the ~E 3 * reSp ' Ctively ‘ Their ^^ultant is seen to 
if similar to the -E RF waves Figs. 8 b and 8 c. In this connection 

■ t may be noted Hat the long flat oscillatio n,, which hare been 

' d ;'' ,tk ft S"”* 0 '* '■'“'tins under 
Vol 54 r, u « conditions. Journal, Inst. E. £., (London), 1916 

light on this complex suMect^ S ° f " aS 1 ^ aWare ’ to throw 
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ascribed to the eccentricity of the rotor disappear from the 
Ef r wave under s.s.c. Compare Figs. 4, 5 and 8. This may 
be explained if the peculiar flux distribution Under s.s.c. be 

considered; taking this to be ap¬ 
proximately as represented in Fig. 26 
e r wave, assume that at the position 
of minimum reluctance the area 
designated by (A) y under crest (1) 
between a b, = 83 = B and C = 66 
= area under crest (2) between be; 
thus the total net flux per pole under 
s.s.c. will be 166 — 66 = 100 per 
cent. Next, at the position of mini¬ 
mum permeance, assume A — 75 = B 
and C = 50; the net flux per pole is 
again 150 — 50 = 100 per cent. Ob¬ 
viously under these conditions the 
e.m.f. due to the eccentricity of the 
rotor would disappear. However, the areas A , B and C when 
actually measured were not in the proportion assumed; but it is 



Fig. 32 

Flux distribution curves of ideal 
salient-pole alternator under sus¬ 
tained short circuit 



ELECTRICAL DEGREES REFERRED TO MACHINE- FREQUENCY f 

Fig. 33 

Theoretical explanation of the production of the peculiar e.m.f. waves shown in 
Figs. 8b and 8c. 

believed that some such explanation as the one just given is 
responsible for the disappearance of these oscillations which 
occur once in every revolution under no-load or synchronous 
motor operation. 
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The e.rn.fs. induced in rotor coils No. 8 and 7 with two-phase 
connection are given in Fig. 4 (third wave) and Fig. 34 (first 
wave) respectively. E RT = e.m.f. induced in coil No. 7, is 
nearly 3 times (2.7) as large under two-phase s.s.c. as it is with 
Y connection. See Table I, columns 8 and 9. As to JE RC = 
e.m.f. induced in coil No. 8, see Fig. 34, it is found to be nearly 
6 times (5.7) as large with two-phase s.s.c. as with three-phase 
s.s.c. Under synchronous motor operation Fig. 8 a, E rc is about 
0.053 at 59.5 cycles against 0.03 at 50 cycles with three-phase 
s.s.c. Table I, Test No. 165. 

In short, the flux oscillations with two-phase connection are 



Fig. 34 


t fofi m J N °- 198 ‘ Tables Xlv and XV - Sustained short cir¬ 

cuit at 4.96 amperes field excitation, and normal speed, two-phase connection. First 

i7c V o e i N 1 = 6 ' ' ^ ^ r0t ° r COil N °‘ 8 ' SeC ° nd Wave: £lT “ induced 


very much larger than with three-phase connection. This is 
believed to be due mainly to the fact that the two phases were 
not exactly in quadrature. 


It can be shown, (see Note C), that if the angle between the 
two phases is (90- a) deg., (=81.8 deg. in our case, see Pig. 

), he resultant armature reaction will consist approximately 
of (a) a regular travelling wave whose amplitude is approximately 
equal to the value obtained if a = 0. See equation (56). ( b ), 

it will consist of a wave in quadrature to the first and travelling 

m ® cbrec ^ on an< ^ the sa’me speed but having an 

amplitude (sin 2 a )/2 of (a). Hence it will be seen, that neg¬ 
lecting other effects, this second rotating field, which is in 
quadrature to the first and maximum at Xl = 0, i.e., at the coil-side 

T d ^ be res P° nsible for the e.m.fs. induced in 
^“- U f e ;. two -P ha f s.s.c. Further it will account for the 
peculiarly distorted shape of the E„ wave. This is illustrated 
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in Fig. 35 where the e.m.f. induced in the rotor coil No. 7 is 
assumed to be due to H 3 R , H z a and H 5r , i.e ., regular 3rd space 
harmonic travelling wave, 3rd space harmonic due to lack of 
quadrature and regular 5th space harmonic travelling wave. 
See equations (59) and (62). The amplitude of these waves is 
assumed to be 100, 27 and 66 per cent respectively, i.e., H z a 
= 0.27 H dR = (| sin 4 a), approximately. H 5R = H$ R (4//6/) 

= 0.66 Hz R , where (6 : 4) = ratio. of their relative velocities 
with respect to the rotor. Thus it is seen that, Fig. 35 explains 
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'Resultant E. M. F. irlduced in Coil No. 7 due 
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Fig. 35 


Theoretical explanation of production of the peculiar Erf wave under 2-phase s. s. c. 
See third wave Fig. 4. 


approximately the peculiar shape of the E rf wave given in 
Figs. 4 and 34. 

Finally considering the e.m.fs. induced under s.s.c. with Y 
connection, in coils No. 9 and 10, Figs 3 and 3a, we find these 
to conform to the general wave shape we would expect, according 
to the explanation given in Section III. In Fig. 36, E TT at 
no-load and at s.s.c. is given and it is seen that both are charac¬ 
terized by two prominent peaks, and they are quite similar to 
each other except for the decided difference in shape between a 
+ crest and a — crest. The reason for this will be clear if it 
be recalled, as explained in detail in Section III, that the portion 
of the wave between a + and a — crest is produced while the 
coil is under the pole-airc; on open-circuit the portion of the 
22-curve under the pole is more or less toothed and it gives rise 
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to little kinks see curve (b), Fig. 6. Under s.s.c., however, the 
B -curve is very small or even negative at the middle of the pole 
as indicated by crest (2) Figs. 26, 28, 37 etc. Consequently, 
as the coil passes from one pole tip to the next its enclosed flux 



Oscillogram No. 0 A 61. Test No. 172. Table II. Exposure No. 1. Open-circuit 
run at 60 cycles per second and 4.95 amperes field excitation. First wave: contactor 
Third wave: Ett = e.m.f. induced in concentrated exploring coil No. 10, on top of tooth. 
Exposure No. 2. Sustained short circuit with series Y connected and same field current and 
speed as before. Second wave: contactor. Fourth wave: Ett:" This shows that 
there is no displacement in Ett wave under short-circuit condition. 

undergoes considerable change, which produces the portion of 
the curve between a + and a - crest, as indicated in Figs. 36 
and 37. 

Space forbids considering single-phase s.s.c. phenomena; 
however, for the sake of completeness it may be stated that 
from a series of tests with the machine delta- or Y-connected 



Fig. 37 

. ^ sc ^ ogram O A- 69* Test No. 180. Sustained short circuit at 5 amperes field excita¬ 
tion, and frequency of 60 cycles per second. Y series connection. First wave: Ett 
*" e.m.f. induced in coil No. 10 on top of tooth. 

and short-circuited between two terminals, or one terminal and 
the neutral, (in case of Y) the exploring coil e.m.fs. were found 
to -be fairly similar to those already described. The similarity 
is rather striking when the presence of complex secondary effects 
and pulsations of'single-phase alternators is considered. 
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V. Critical Resume and Conclusions 

It seems fair to conclude from the above that the sustained 
short-circuit (s.s.c.) phenomena of alternators in spite of their 
complexity and the extremely distorted wave-forms to which they 
give rise, are amenable to the ordinary theories of synchronous 
generators as given by Blondel, Potier and others. It is only 
necessary to restrict the usual sweeping simplifying assumptions 
of so-called text-books in order to arrive at some of the general 
results given in the preceding pages. It has been shown that 
unless the field and armature flux waves are sinusoidal the result¬ 
ant field under s.s.c. will be badly distorted, see for example 
Figs. 23, 27. etc., for the simple reason that with the very low 
voltages which obtain under s.s.c. conditions the fundamental is 
so greatly reduced that the higher harmonics assume a very 
predominant role. Starting with a field flux-wave consisting 
of, 1st 100 per cent, 3rd + 10 per cent, 5th + 5 per cent, and 
a corresponding armature flux curve containing the same har¬ 
monics with relative amplitudes of — 95 per cent, + 10 per cent 
and + 5 per cent, the resultant flux distribution will be given 
by e r , Fig. 26; this is not unlike the actual s.s.c. oscillograms 
given in Figs. 23, 28, etc. . , ... 

Furthermore it has been shown in Section IV, that with 
sinusoidal (in time) armature currents the H-curve of armature 
reaction will be sinusoidal, but not so with the .B-curve; the 
latter, as is well known will be flat-topped depending upon the 
degree of saturation, and will further differ from the H-cnrve 
in that it will be toothed and have different values, and directions 
with respect to the armature conductors, at a surface bounded 
by the top of the slots' than at a surface bounded by the bottom 
of the slots. Thus it is clear that from the view-point of s.s.c. 
phenomena from among the different schemes used for obtaining 
“sine-wave alternators’’, the.best is the one which attempts to 
get to the root of the evil and obtain a sinusoidal flux distribu¬ 
tion, under the poles to begin with. However, even then har¬ 
monics may and will be introduced by armature reaction. It 
is well in this connection to emphasize the fact that, the .B-curve 
of armature reaction will differ more or less from the H-cnrve 
producing it for the reasons just given. Consequently the 
elimination of the higher harmonics from the .B-curve (of arma¬ 
ture reaction) is very difficult, if not impossible, since even such 
devices as fractional slots per pole will avail little unless the perme¬ 
ance per unit area across the pole face is made uniform, constant 
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and free from extreme effects of saturation. However, with a thor¬ 
ough understanding of the subject it should be possible to reduce 
the effects of the j3-curve to a negligible quantity. 

The magnetic oscillations under load, no-load and s.s.c. con¬ 
ditions are studied not only by means of full-pitch exploring coils 
placed on the stator and the rotor but also concentrated coils 
placed on top of a wedge or a tooth and having a pitch equal 
to a slot-pitch or fraction thereof. See Figs. 3 and 3a. 

The principal oscillations observed are: 

(1) Those due to the teeth ; taking the amplitude (a), Fig. 13 as 
100 per cent for the coil No. 1 on top of the slot, we find (a) to 
be 107 per cent for coil No. 3 and 108 per cent for coil No. 5. 
On the same basis of percentages, id), Fig. 13, is 24, 31 and 32 
per cent respectively for the same coils. See Fig. 7. These 
oscillations (due to the teeth) decrease under synchronous motor 
operation. Compare Figs. 7 and 22. 

(2) Oscillations due to the eccentricity of the rotor. These have a 
frequency of (1/p) machine-frequency,or one cycle per revolution. 

(3) Oscillations due to armature reaction and having a frequency 
of 6 times and 4 times machine-periodicity in case of three- 
phase and two-phase connection. It seems rather remarkable 
that oscillations (2) disappears under s.s.c.; an explanation of 
this is given on p. 1183. 

(4) Oscillations due to the pulsations of magnetic reluctance 
caused by the salient-pole construction of the machine. These 
are best illustrated by means of exploring coils placed on top of 
a slot and on top of a tooth and having a pitch equal to that of 
a tooth. See Figs. 10, 11, etc. These oscillations are analyzed 
in detail in Table II and it is seen that the e.m.f. induced in a 
concentrated coil on top of a tooth is about twice as large as 
the e.m.f. induced in an exactly similar, coil placed on top of a 
wedge: These oscillations are studied in detail and they give a 
clear idea of the flux distribution under actual running conditions , 
which are, of course very important from the point of view of 
iron losses etc. In this connection it is well to call attention to 
the methods of analysis and investigation followed in this 
research; guided by a simplified general mathematical theory 
the flux pulsations and oscillations were separated and analyzed 
by taking oscillograms of the e.m.f.’s induced in different 

stator and rotor exploring coils as explained in detail in 
Section I. 
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Certain pecularities and differences between the e.m.fs. induced 
in search coils at the top and bottom of slots are considered and, 
at least, tentative explanations are given. For these the reader 

can consult sections III and IV. 

In regard to different kinds of short circuits it is shown that 
there is practically no difference between s.s.c. phenomena with 
the machine connected delta, Y, and Y with the neutral in. 
This might have been expected considering the elimination of 
triple frequency circulating currents due to the f pitch armature 
winding. In case of two-phase connection, however, the arma¬ 
ture current is not as sinusoidal as with three-phase connection; 
the variational e.m.fs. induced in the rotor coils under s.s.c. 
show very peculiar wave distortion as seen from Fig. 34, first 
wave, etc. An explanation of this is indicated in Fig. 35. 

Before concluding these remarks it may be well to call atten¬ 
tion to the bearing of the results given in the paper upon what 
are considered standard methods of testing large alternators. 
The thorough understanding of the underlying facts and the 
collection of quantitative data on the subject for salient as well as 
non-salient pole generators will throw a great deal of light on 
efficiency tests, cyclic heat run tests, short-circuit load loss 
tests, phase-shifting or feeding back method of load tests, etc. 
In such tests the flux distribution and the flux density at different 
points of the magnetic circuit is of considerable importance. 
It seems to the writer that, in such cases, even if it be extremely 
difficult to devise tests and means of predetermining by calcula¬ 
tion certain characteristics of the machine, without actually 
loading it, it is very desirable to know and understand, as well 
as possible, the internal reactions so that proper rational allow¬ 
ances may be made. In any case, the detailed analysis of these 
phenomena seems to be a step in the right direction, and although 
the application of such information to design and test problems 
does not fall within the scope of this paper, it may be well to 
give a simple quantitative illustration of it. 

Assume that the open-circuit core loss of an alternator is 
2.8 per cent of its rating and that half of this can be charged to 
hysteresis and the other half to eddy current loss; let the s.s.c. 
test loss, excluding friction and windage, be 1.5 per cent. Ac¬ 
cording to the ordinary assumption that the flux distribution 
under s.s.c. is sinusoidal and 10 per cent of the open-circuit 
value the hysteresis loss, Ph and the eddy current loss, P e will be: 
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0.035 per cent 


A = 


(2. 8\ 

/ 0.10 BA 

V 2 ) 

V Bf ) 


0.014 per cent 


Consequently, P h + A == 0.049 per cent. 

Next assume that the fundamental is 5 per cent, the third 
harmonic is 15 per cent and the fifth 10 per cent; these are fair 

and very conservative values according to the results of this 
investigation. Then, 



= 0.114 per cent 

and, 



P . _ ( «). (0^/)- + (0_i^,y + pagq 

= 0.45 per cent 

hence, (A "HA) — 0.564 per cent. 

Thus according to the usual assumption (_P A + P t ) under 
s.s.c. tests is negligible, being (0.049/1.5). 100 = 3.3 per cent, 
nearly, in this example. But if we take the actual flux distri¬ 
bution under a s.s.c. test into consideration, and assume the 
very conservative values taken above for the 3rd and 5th 
harmonics of the flux-wave, we find that the eddy current and 
hysteresis losses amount to, (0.564/1.5). 100 = 38 per cent, 

nearly, of the total s.s.c. test losses, i.e., the iron losses are not 
necessarily negligible. 

» , unnecessary to call attention to the 

necessity of standardizing our terminology. In specifications or 
technical papers and discussions it is only fair that in case of 
least ambiguity some qualifying term be used to specify the 
kind of short circuit implied. The words “sudden” and “sus- 
tained seem suitable. However, the question of importance 
a we should appreciate the great difference between these 
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two important and complex phenomena of sudden and sustained 
short circuits and never leave any doubt as to which one is 
meant. 

In conclusion it is a pleasure to the author to acknowledge his 
indebtedness to the authorities of the Rice Institute for the 
facilities afforded and particularly the moral support they have 
lent him. He is also glad to take this opportunity and acknowl¬ 
edge the conscientious and very able assistance of Mr. J. S. 
Waters, Jr., of the Class of 1917. 

SUPPLEMENTARY NOTES 

Note A. General E.M.F. Equations 
1. E.M.F. Induced in Stator Search Coils. As explained 
in the e.m.f. equations. . 

e = - N 4r w 

dt 


<t> may be and is usually, a function of the time t , as well as the 
position x of the coil with respect to the pole. Thus, 



^motional + ^variational 


Strictly speaking, <f> = J B da. cos ( B , da), where da = Idx 

= element of area at which the flux density is B, and cos (. B , da) 
s cos 0, is the angle between the vector B and the normal to 
the elementary surface da ; cos 6 is, of course, ordinarily neg¬ 
lected, except where methods of vector analysis are used. 
In our atte m pt to explain certain phenomena, we shall find 
it necessary to take account of this—which at first may 
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seem an unnecessary refinement. Thus strictly (4) should be 
written: 


N l v 


d r 





B dx cos 8 


- Nl 


d t 


^rotational T" ^variational^ 


B dx cos 6 

(4a) 


'] 


By means of (4) or (4a), which are quite general, it is easy to 
obtain expressions for the rotational and variational e.m.fs. 
induced in any of the stator or rotor coils. Assuming the flux 
under the pole to be symmetrical with respect to the interpolar 
axis, we can write, 



+ Bi m cos 



+ Bzm sin 


+ Bzm cos 






The rotational e.m.f. induced in a stator coil of N concentrated 
turns and having an active length of l cm. will be : 


&rot. si , 


= - Nlv 


d 

dx 






7r ) + etc. 


( 7 ) 


since according to the assumption made in (5) even harmonics 

are absent, and in case of a full-pitch coil B at Xi = — B at 

(* l +T )- For a short-pitch coil (7) must be multiplied by the 
pitch factor. 

In order to find expressions for the variational e.m.fs. let us 
make the assumption that the flux variations are sinusoidal. 
This is a very convenient assumption, since our equations already 
involve sine functions, and it is reasonably correct, as indicated 
by experience, because we are dealing with a correction term 
to be added to the comparatively large rotational e.m.f. Thus 

~ nU f nber . ° f slots per pair of P° les > P, and (j/p) = speed 
of the machine m rev. per sec., obviously, 2 q (J/p) will be the 

number of slots per second passing a given point aq; this wi ll set 

17. S. J. Barnett, Electromagnetic Theory, pp. 333 to 340. 
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up an oscillation of small amplitude and of frequency 2 qf, 
which will be expressed in mathematical symbolism by: 

Bpui = B (v cos (2 q w t) ) ( 8 ) 

Neglecting the higher harmonics of the B curve, see (5), we get, 

B Pu i =* i) Bx ^sin (^r~ 7 r) J (cos (2 q cct)) (9) 

whence, 

(Bpui) = - 71 2 q Cd ^sin tt) ^ (sin (2 q co f) ) (10) 

and according to the second term of the right hand member of 
( 4 ) the variational e.m.f. is proportional to: 


X 

^dx = — rj Bi 4 g_ co —— ^cos —— (sin 2 g co 

X 

To find the e.m.f. induced in any armature conductor it must 
be remembered that owing to the relative movement between 
armature and field, 

x = v t = (2 7 T r) (r.p.s.) t 

- 2 (^U) (r.p.s.) < - ( 2 r/) i - (« -£-) < ( 12 ) 

where r = radius of rotor, so that, 


&Pul . si. 



= 4 iV Z —— q co • (cos co /) (sin 2 g co /) (13) 

7T 


= 4 N l Q co —— v Bi [sin (2 g co + 1 ) co / 

7T 

+ sin (2 5 — 1 ) co ( 1 ^) 

To find analytical expressions for the static or variational 
e.m.f. in an armature conductor due to the to-and-fro swing of 
the flux, we shall assume that the i 5 -curve is constant in mag¬ 
nitude, but it moves across the pole-face according to simple 
harmonic motion, at a frequency of 2 g/. Hence neglecting 
the higher harmonics of (5) we may write, 

JB sw “ B i f~sin “ (x 6 sin 2 q co f) 

-wKi.- MUImm 


(15) 
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where 2 q a is the angular velocity and e the amplitude of the 
variations. 

Differentiating (15) with respect to t and making the reasonable 
assumption that, 

cos (~~ e sin 2 q a tj = 1, and 


sin! 

ft 


we obtain: 


e^sm 2 q co t \ = - e (sin 2 q go t) 


'dt 


Bi I cos ~^ r - (x 


e sin 2 $ co t) J 


£2 e q co cos 2 q co /J 


and 


/ 


X“f -T 
» 

^ B 

J~ d x = [4 e B x q a cos (2 q a £)] 


jsin ~~ (x— e sin 2 q a t) cos 


(16) 


(17) 


As before, to find the variational e.m.f. in a given armature 
conductor due to the flux-swing, substitute, 

x = (2 frt) = (a -T_ t) 

\ TT / 

Thus, 

Bsw.st. = — 4 N l q a (e B\ ) (cos 2 q a t) 

[sin (at — € sin 2 q a t) cos a t ] 

= - 4Nlq a) (eBJ Hsui (2g + 1) at- sin(2g- l) a t } 

~ | ~2~ s ^ n ‘(4 2 + 1) a t sin (4 q — 1) co 1 1 J (18) 

2. E.M.Fs. Induced in Field Exploring Coils. Equation (7) 
gives the rotational e.m.f. induced in a coil of N concentrated 
turns having a relative speed v with respect to B. Evidently 
this is zero for a coil placed on the rotor, and therefore, 

= 0 


(19) 
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To find the variational e.m.f. due to flux pulsations in a field 
(rotor) search coil whose coil-side is at any point Xu simply 
substitute x = xi in (13). Thus, 

eJuO = 4Nlq a (n Si) cos (-J- * 1 ) (sin 2 q a t) (20) 


Similarly from ( 17 ) and ( 4 ) we get, 

2 > 


'sw .r. 


Nl 




B • dx 


4 Nl q o) (eBi) (cos 2 q cot) 

£ | sin (—-p- — (e sin 2 g co t )) | 


cos 


7T 


XiJ (21) 


For coils No. 7 and 8, *i = 0, whence we obtain directly (22) 
and. (23) from (20) and (21) respectively, as given in the first 

part of the paper: 

e sw . r . = 2 N l q co e 2 B x sin (4 q co t) (22) 

d ’ etui.r. = 4 IV 1 2 co 1 ) Bi sin (2 q co t) (23) 


Note B 

1. Theoretical Investigation of Armature Reaction. Make the 
reasonable assumption (as shown onp. 1163) that the armature 
current under s.s.c. is sinusoidal (with respect to time). Further 
ass um e that the armature winding of say, a three-phase alter¬ 
nator is sinusoidally distributed (in space) as schematically 
represented in Fig. 17. If one of the phase windings were sup 
plied with direct-current the magnetic field intensity H, at 
any point 6 g „, geometrical space radians or x centimeters, from 
the axis of reference, see Fig. 17, would be, 

Hi'= y Id.c. (#»<* COS P d S sr) = y Id.c. cos (|-ir) (24) 


where, y = constant, and ( -y~ *) = P d ‘* r = electrical space 
radians. Similarly for the other phases: 

Hi" = y Ii.c.N m cos(-^r- T ) = tU.c. N m c° s (- f) T 

■ T ► 

Hi'" = y Id.c. N n cos (y- w) = y Nm cos (v - y) X . 

( 25 ) 
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When these windings are supplied with balanced three-phase 

currents the resultant field intensity due to armature reaction 
will be: 


Hi = 7 [I m cos co f] N m cos 


TT / < 

juL i 


7 


Im COS l CO t 


(■ 


Hi'" = 7 


m COS [ CO l 


3 

4 


)] [ n - (f - 1 


(26) 


(27) 


whence by trigonometry, 


")][ 


7\r /X 4 

iV m COS (-— 7T 

r 3 


)] <» 


7f = 77/ + ij/' + 77/ 


n 


2 

3 


COS ( CO t 


X 


■7r 


(29) 


2 ~ 7 Im cos ^co f-r) 


his gives the resultant field intensity due to armature reac¬ 
tion and it will be recognized to be the well known equation of 
a travelling wave which is a function of the time t, as well as 

ffl um, h tii , occurs when 


03 t 


r /’ * n °^ er words, whose maximum H m travels 

at a speed (x/t) = (co t/tt) = ( 2 /r), which is the peripheral 

spee o e rotor. See (12). Next, consider the case of N 

con uctors per slot and one slot per pole per phase carrying 

lie amperes. Evidently, as indicated in Fig. 18 the field 

intensity 77, will be rectangular in shape and may be represented 
by the senes: 


77 = 


TT 


Y 


m 


[si„ (m 


TT ) + 


1 • / 0 X 

sin (3 


7r ) + 


•](3o; 


Equation (30) takes the place of (24) and similar expression; 

?o«rn ten ° Ut f ° r the ° ther phases ’ corresponding to (25' 
(26) . However, without going any further into this, suffice tc 
cail attention to the references given in foot-note (13) and state 
that if the non-smusoidally distributed winding represented ir 
g- , e supplied with balanced alternating-current instead of 
direct-current, expressions exactly analogous to (26) (27) 

S'rs'S r 331 0b r tain ?'u Combini ^ the - trigonometrically,^we 
get (32J, (33) etc. which were given in the first part, in section IV. 
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2. E.M.F. Induced in Rotor and Stator Exploring Coils by the 
Armature Reaction. It is a simple matter, now to obtain general 
expressions for the e.m.fs. induced in the different search coils, 
if we ass um e that the 5-curve is sinusoidal; the rotational e.m.f. 
of a stator coil whose coil-side is at a fixed distance xi from the 
origin, see Fig. 6 will be according to (4). 


Orot.st 



This is a sinusoidal e.m.f. of fundamental frequency and having 


a phase angle ( x) with respect to the origin. 

The fifth space harmonic of armature reaction will give: 

erct,t. = - Nl“~ . A- f B a cos (co t + -A x) 

J (39) 

= - Ni Ul. 5 a cos (o> < + (40) 

i.e ., an e.m.f. of 

phase angle (6 Xi/r) ir with respect to the origin. Similar 
expressions may be derived, for all other harmonics. 

However, as already explained, the sinusoidal iT-curve pro 
duced by the armature reaction will give rise to a distorted 
B-curve. This will produce in the stator coils a motional e.m.f. 
which will contain higher time harmonics. To find analytical 
expressions for these e.m.fs. (due to a distorted gliding or 
rotating B-curve) it will be convenient to assume the B-curve 
as stationary and the exploring coils revolving at the same 
speed in the opposite direction. In this manner the problem 
is reduced to the one already considered in Note A, and it 
seems hardly necessary to derive equations for them here. 

As to the e.m.fs. induced in the rotor search coils (due to 
armature reaction), it is clear that the fundamental travelling 
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wave given by (32), will induce no e.m.f. The 3 rd harmonic 
will, of course, be zero for a three-phase machine. See ( 33 ). 

To find the motional e.m.f. induced in a rotor coil due to the 
fifth space harmonic B$, 


-#6 — ( 1 / 2 ) B a cos (co / + 5 x tt/t) (41) 

it must be remembered that x increases at the rate of 2 /t with 
respect to the rotor. Thus substituting in (41), 

co / == 7 r x/t = (tt/t) 2 frt • (42) 

we obtain, 

Bh = (3/2) B a (cos 6 co/) ( 43 ) 

Similarly, v J 

B 7 — (3/2) B a (cos 6 co/) ( 44 ) 


That is, the 5th and 7th space harmonics though of fundamental 
frequency with respect to the stator are of sextuple frequency 
with respect to the rotor. This will be clear when it is considered 
that the 5th space harmonic glides backward at a speed (2/r/5) 
while the seventh travels forward at a speed (2 fr / 7 ). Assuming 
for convenience the rotor as stationary, it is evident, that the 
relative speed between the rotor and these gliding fields will be: 



respectively. The pole pitches r 5 and r 7 of the fifth and seventh 

fields are (r/5) and (r/7), and the corresponding number of 

pairs of poles are 5 p and 7 p respectively. Consequenty the 

frequency of the e.m.fs. induced in a rotor coil by them will 
be: 

ft, = (r.p.s.)B (p t ) = (speed) s (^-i-) (5 p) (47) 

= 6 (H^) • (dp) (5 p) = 6 / («) 

Similarly for the 7th space harmonic, 

/? = 6 (w ^)(d~p) 7p = 6f (49) 

In general for the (6 m— 1 ) th space harmonic which travel? 
backward with respect to the fundamental, 
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/(6»-i) = 6 n (2t//(6 n - 1)) ((6 n - 1) P/2t pj = 6 «/ (50) 

and for the (6 w + 1) th harmonic, 

f(6»+i) = 6» (2r//(6» + 1)) ( (6» + 1) P/2rp) = 6»/ (61) 

Thus the 11th and 13th will give rise to rotor e.m.fs. having 
periodicities of 12/, and so on for the others. 

In case of two-phase alternators the 3rd and 5th will give 
rise to e.m.fs. of (4. machine frequency). The seventh and 
ninth will produce e.m.fs. of (8. machine frequency), etc. 

However, as shown by the oscillograms .given before, the 
rotor search coils indicate only pulsations having periodicities 
of 6/ in case of three-phase connection and 4/ in case of two- 
phase connection. In concluding this note attention may be 
called to the fact that the above analysis of armature reaction 
and the e.m.fs. induced by it in the stator and rotor coils is 
applicable to induction motors; as a matter of fact it is a little 
difficult for the writer to understand why standard texts do not 
treat armature reaction in alternators etc. in exactly the same 
way as the rotating fields of induction motors, as it has been 
done above, because it is more convenient and lends itself 
better to the derivation of quantitative expressions for the 
e.m.fs. induced in the stator and rotor by armature reaction 

alone. 

Note C. Direct Component of Armature Reaction of an 

Imperfect Two-Phase Alternator 
As already explained in detail the' resultant magnetic field 
intensity due to balanced two-phase currents flowing through 
sinusoidally distributed two-phase windings will be given by: 


izy = Hi' + Hi 
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Now in case of an imperfect machine which has a displacement 
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Translating ( 57 ) into words 
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shall find that it simply repre- 
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+ | sin (« I + ») [ 

or approximately, 



= H z R + Hz a + H z x « 

= regular third space harmonic travelling backward at a 
speed 2/t/3. + a second wave due to lack of 

quadrature and in quadrature to the first and 
travelling in the same direction and at the same 
speed as the first. + a third wave due to lack of 
quadrature and in phase with the second but travel¬ 
ling forwards, at the same speed as the first two. 

If desired the third wave in (59), Hzi a , may be neglected, 

and Hz be taken equal to Hz R and Hz a . 

Exactly as before for the 5th space harmonic, due to a sine 
wave of current of fundamental pulsation (co = 2 7r/), we have, 


Hi = Ha [{cos (co t)} -1 cos 
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Simplifying this, we find, 
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(61) 


(62) 


= H 5r + H 5 a i? 51 “ 

= a regular fifth space harmonic, travelling forward at a 
speed 2 /t/ 5. + a second wave in quadrature to the 

first and travelling backward at the same speed. 

+ a third wave in quadrature to the first and gliding 
forward at the same speed. 

As in (69) H s may be taken equal to (H u + H 6 a ) and the third 
wave be neglected.' Similar expressions for other space har¬ 
monics may e derived by exactly the same procedure. Further¬ 
more, m all the above we have assumed the current to be of the 
torm i m cos co t. If the current contains higher time harmonics 
e resultant armature reaction may be found in a similar manner. 
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Discussion on “Sustained Short-Circuit Phenomena and 
Flux Distribution of Salient-Pole Alternators” 
(Diamant), Atlantic City, N. J., June 28, 1918. 

F. D. Newbury: To a considerable extent, this paper appears 
to cover the same ground as the paper by A. E. Clayton on 
“Wave Shapes of A-C. -Generators with Steady Short-Circuit 
Conditions,” presented before the British Institution in 1915. 
The latter paper has an important advantage in that it shows 
the current waves and flux distributions of a number of different 
generators having a considerable range in size and of commer¬ 
cial design. This English paper treats this complex subject 
in a very clear and simple manner by showing the close corres¬ 
pondence between theoretical curves derived by graphical 
methods and the oscillograms. 

The greater part of Prof. Diamant’s paper is concerned with 
the results from a single 45-kv-a. generator, whose design 
proportions are not given. In considering these results, it 
cannot be too strongly emphasized that the significance. of 
the various curves depends entirely upon the detail design 
proportions of the generator, and the location and spread of 
the search coils. For example, the double peaks in the curves 
of Fig. 11 are caused, as the author points out, simply by the 
reduction of flux density in the space between poles, and thus 
indicate a very familiar fact by an unfamiliar method. 

It is dangerous to draw general conclusions from the results 
obtained from a single generator. I have in mind the results 
obtained from a 1500-kv-a., 12,000-volt synchronous motor, 
having very wide armature slots in comparison with the air 
gap. The ratio between armature slot opening and air. gap 
was something over 3. There was a very pronounced ripple 
in both the field form and in the no-voltage e. m. f. wave form. 
A search coil of one tooth pitch indicated curves very similar 
to those shown by the author in Fig. 11. While there were 
only six slots per pole, the wave forms indicated a much higher 
frequency disturbance and analysis of the e. m. f. wave showed 
a large twenty-third harmonic. Further investigation of the 
design developed the fact that partially closed damper slots 
in the rotor had a pitch only slightly greater than half the slot 
pitch of the stator, and this conjunction of stator and rotor 
slots was the cause of the voltage pulsation. This conclusion 
was confirmed later by building another motor using the same 
stator punchings, but with a larger tooth pitch for the damper 
winding, in which the wave form had a relatively small ripple, 
in spite of the large ratio between stator slot opening and air 
gap. While this example illustrates a well-known cause . of 
wave-shape distortion, it nevertheless emphasizes the point 
that the higher harmonics sometimes found in commercial 
generators are due to a variety of obscure causes, and the search 
coil e. m. f. waves shown in the paper may or may not have 
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There are a number of specific points in the paper to which 
attention should be called. 

It is stated that the subject of tooth ripples is of great practi¬ 
cal importance. Tooth ripples are important in synchronous 
generators. and motors only in connection with questions of 
telephone interference, and then only in connection with salient- 
pole alternators, m which air gaps are inherently small. One is 
apt. to obtain an exaggerated idea of the importance of these 
variations m air gap reduction from this and other statements 
made by the author. For example, in Fig. 9 the variations in 
air gap flux were obtained, with the rotor at rest, or moving 

j F. nder ^ e f e conditions, much greater variations are 
obtained than are obtained during normal operation when eddv 
currents very largely reduce the flux variations thS Snd to 
exist, in big. 9, the flux opposite a slot is 45 per cent of the 
flux opposite a tooth. In Fig. 7, obtained presumably from 
the same generator, this ratio for coil No. 1 is 76 per cent. In 
generators of commercial design, the ripples rarely, if ever 
produce greater variations than those shown in Fig. 7. 

Through°ut the discussion of armature reaction, it is assumed 
that the space, distribution of m. m. f. in a single concentrated 
armature coil is sinusoidal. At any instant of time, the space 
distribution of m. m. f. and flux, assuming uniform reluctance, 
is rectangular, as illustrated in Fig. 18. At equal intervals 
of time, the m. m. f. and flux may be represented by a series 
° : f.yctangle^.suGh.as Fig. 18, the ordinates of which vary sinu- 
soidally. This is important, because it means that the space 
istribution of the armature reaction flux depends on the space 
distribution of the armature coils, and the latter should be 
taken into account in all calculations concerning ar ma ture 

, This assumption of sine-shaped armature reaction flux and 
the assumption recorded that the field form of most modern 
mac mes approaches the sine shape, leads to the statement 
that the resultant of the main field and armature field under 
Sfis ained short-circuit conditions must also be approximately 
sine shaped. These assumptions are immediately shown to 
be false, by the statement that “we find indications of an ex¬ 
tremely distorted flux distribution.” The reason for this dis- 

w pl i ai + n if d ^ F i g ' g2 ’ taken from Clayton’s British 
P P > which the mam flux is assumed to be rectangular and 

m J se S ment of a sine curve. It seems hardly 
- while to build up a theory upon assumptions that are 
immediately shown to be wide of the fact. 

in the distribution curve of flux have 

a r “ n til erab1 ^ red T ed ° n the volta S e iterated in the 

1 i ending, because the voltages generated by anypartic- 

ferrpnt^^V °a th a flu ^ dl f tr ^ bution curve are in most cases 
+ *7® tkird . and multiples) opposed in different conductors 
connected m senes. Furthermore, the current on short circuit 
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^ closer to a sine wave on account of the increasing re¬ 
actance of the winding for the higher harmonics. Therefore, 
while the flux distribution on short circuit, as shown in the 
paper, varies widely from the flux distribution at normal volt¬ 
age and no load, the generated voltage on short circuit and the 
current resulting therefrom, depart less and less from the sine 
form. 

One matter of practical importance in connection with the 
sustained short-circuit operation is this distortion of the flux, 
due to the relatively weak field excitation under this condition. 

" This matter has been quite completely treated in Clayton’s 
paper previously referred to, and is moreover quite simply 
treated graphically, even when actual flux distributions are 
taken into account. One important result of this distorted 
flux is the increase in losses under short-circuit conditions in 
some generators. The short-circuit losses of large two and 
four-pole turbo-generators, when operated on short circuit, 
are very much larger than can be accounted for by the losses 
in the armature winding and the core loss corresponding to the 
internal voltage. The departure of the flux distribution from 
the sine increases rapidly as the ratio of field to armature m. m. f. 
decreases, and with the ratio of unity or less, now commonly 
used, it is quite probable that the large short-circuit losses in 
these machines are largely due to the flux distortion produced 
by the armature reaction. This is a matter of considerable 
practical importance, as the present Institute Standardization 
Rules require that the total short-circuit losses be included in 
the loss existing under normal operating conditions. There 
is opportunity here for experimental and analytical work that 
will enable us to more completely determine the source of loss 

under the condition of sustained short-circuit. 

R. E. Doherty: I wish to agree with practically all that 
Mr. Newbujry has said in regard to this paper, but there is one 
point which I think he has put a little too strong. 1 think it 
is not Mr. Diamant’s intention to give quantitative results 
to be used as a guide in designing the machines, but rather to 
give a qualitative explanation of some of_ the curious wa 
irregularities that we all recognize as existing m sus ame 
short-circuits. Of this he has given the very clear explanation 
that while under sustained short-circuit the fundamentalms 
practically annihilated, the haimomcs are not very affected 
and therefore the relative importance of the harmonics a 
.compared to the fundamental has been “ crea „ s ®^ 
of times in some cases. This produces those . , , t 

shown on the oscillogram of coil voltage at sustain 

wave and is more so when rounded at the corners by 
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With a satisfactory flux wave as the foundation, conditions 
are further improved" by a generous number of slots per phase 
and pole, and by the practical elimination of the third harmonic 
by making the armature coil pitch approximately two thirds, 
the resulting e. m. f. and current waves at the armature terminal 
are very close to true sine waves at all loads. Considerations of 
ventilation, regulation and the minimizing of core loss insure 
such large air gaps as compared with slot widths that while 
tooth ripples still exist their amplitude is too small to create any 
objectionable disturbance even under sustained short circuit. 

C. M. Davis: I wish to emphasize what Mr. Doherty has 
said,, that this paper presents the results only of tests upon a 
particular machine, and it is not the author’s intention in any 
way to imply that the case mentioned is a general one" He is 
merely seeking, a way of explaining, to his own satisfaction, 
some of the actions which are not evident on first examination. 

IT. S. Diamant: In answer to Mr. Newbury’s remarks, may 
I say that I am rather disappointed in that I was expecting to 
hear .something worth while and profitable considering his 
experience which I am sure is very wide. I was expecting to 
have him tell us something about the more complex aspects of 
the subject, which are carefully taken up in my paper. 

As Mr. Newbury does not seem to be sure to what extent my 

P ?§ e Ii anci t !? at of A' Clayton cover the same ground, I may 
add ttiat reference is made to A. E. Clayton’s 1916 paper on 

. . and 118i - , There, m a general way Clayton’s explanation 

is given, ( and a further note made that his paper; namely, 
ayton s, is the first one, as far as I am aware, to throw any 
A a° n + th , ls , c °™;P lex subject. As explained in my introduction, 

exDknftion 6 ' < L t J 1 fZ° rk b f f n? 9 laytoi l’? P a P er appeared. The 
®^Pjf. natlon and theory of Clayton, which is graphical, is very 

good, so good m fact that I have included it in my paper. My 

be P seen bv P beno3 ?f non is a little different as may 

Sams F<2 4^ n ! t0 F Fw 2 d 2 ^ A ’ 25 and 31. also oscillo- . 
gr ?? K .f lgs - ~ 3 ’ T 7 , etc '’ and Tables VII, VIII and XI. 

load fn h d 6 have .taken questions of flux distribution under 

circuit ft condl t 1 . ons as well as under > sustained short 

exoerienr? that J Mr - Newbury, with his wide 

points, at least twelve of'wScTatSeSdS 
For^xmnple^Mrewbury^tateltlSfthe' ‘‘na^ ***** 

SntrstoIT 1 3 ^ 

from I skAe^^ nera iw nClUS1 ° nS from the results obtained 
be vek much mme useM 1S t be ^ enou S h but wo uld 
Newbdy frfsteS of S .J 116 End to , the reader for Mr. 
of no oractical these ^ en ^ ral remarks which are 

in the naner he tbiliVc ^ nf I ? ore specifically just what points 

should not Franhlv^t fAh be . J gen . erallzed and what points . 

b anldy, it is not quite clear to me just what is the 
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relation between the example he^ gives about a 1500-kv-a. 
machine and the danger of generalizing, unless it be to show that 
it is a rather extravagant way of investigating flux pulsations, 
“by building another motor using the same stator punchings but 
with a larger tooth-pitch for the damper winding. 7 To be more 
specific, may I ask Mr. Newbury to tell us what he thinks is the 
origin and cause of to-and-fro flux oscillations and pulsations. 
From his experience is the general theory given by Worall and 
referred to in my paper acceptable to him. What does Mr. 

Newbury think about: . 

1. My method of determining experimentally the armature 
reaction by subtracting no-load and sustained short-circuit 
exploring coil voltages, as given in Figs. 23, 27, etc. 

2. What does he think is the explanation of the fact that the 
third harmonic seems to increase with increasing excitation as 


given in Table IX. . , 1 

3. What does Mr. Newbury think about my expenmenta 

and mathematical analysis of armature reaction of imper ect 
two-phase alternator as given in Fig. 4, Fig. 35 and the supple¬ 
mentary note C page 1199. . . , , 10 \ 

(A tentative explanation of this is referred to m foot note 12.) 

I don’t quite agree with his statement that “tooth ripples are 
important only in connection with questions of telep 0I I e 
interference, and then only in connection with salient-pole 
alternators.” Is not the question of tooth ripples and higher 
harmonics important in connection with iron losses and some¬ 
times dielectric losses also. However, I may add. that my papei 
did not attempt to state just how important higher harmonics 
may become in certain cases, or of how little importance they 
may be in other cases. The object is more to consider the 
fundamental theory of the origin and production of ripples m 
m. m. f. curves, in flux waves and induced voltages, , or 

one, will appreciate it if I could have Mr. Newbury s ideas on 

tb.G subject 

Mr. Newbury states that the assumption of sine-shaped 
armation reaction flux is made in the paper. This is not quite 
so. As stated on p. 1163, the armature current under s or 
circuit conditions is assumed to be sinusoidal and then very 
clear distinction is made as to whether the m. m. f. will be sinu¬ 
soidal or not and whether the flux, due to the m. m.:f. will be 
sine-shaped or not. If I am not mistaken, m most discussions 
this distinction, namely, whether a sinusoidal m. m. h may or 
may not give a sinusoidal flux, is not quite as clearly adhered to 

as it is in the paper. . 

Although outside of the scope of the paper, m connection with 

the “critical resume conclusions” attention is called to the 
practical bearing of the results of the paper on standard methods 
of testing alternators by means of cyclic heat run tests, s ^°rt- 
circuit load loss tests, phase-shifting load tests etc. It will be 
interesting to hear something in regard to this. 
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There is little to add to Mr. Doherty’s discussion except that 
as in Mr. Newbury’s case, considering his wide experience 
covering a great many types and sizes of machines, it will be of 
considerable interest to the profession to have his views on the 
many different specific points in connection with flux distribu¬ 
tion that are taken up and at least tentatively explained in the 
paper. 



Presented at the 3 ±th Annual Convention of 
the American Institute of Electrical Engineers, 
Atlantic City , N. J., June 28, 1918. 


Copyright 1918. By A. I. E. E. 


REACTANCE OF SYNCHRONOUS MACHINES AND 

ITS APPLICATIONS 


BY R. E. DOHERTY AND O. E. SHIRLEY 


Abstract of Paper 

Part I treats of the calculation and application of the arma¬ 
ture self-inductive reactance of synchronous machines. A snor , 
reliable method is given in the form of curves, Figs. 20a, b, c, 
making the calculation from design sheet data a matter of a 
minutes. Table I shows a comparison of calculated and test 
values (obtained from saturation and synchronous impedance 
curves) for 138 machines, ranging from high-speed turbine gene 

ators to the low-speed engine type. # . ,. .. . 

Three points were brought out during the investigation. 

(1) That in polyphase machines, the armature self-inductive 
reactance, just as the armature reaction, is a polyphase, not a 
single-phase phenomenon, and therefore the mutual indue ion 
of phases in a three-phase machine increases the effective sell- 
induction of each phase by approximately 50 per cent over the 
single phase value, while in two-phase machines, in which 
mutual induction of phases is zero, the effective self-induction of 
the phase is the same for two-phase or single-phase operation. 

(2) That the variation of armature reactance during the cycle, 
due to salient-pole construction, is practically eliminated m Y- 
connected, three-phase machines for the reason that the varia¬ 
tion, consisting almost entirely of a third 

in such machines. This leaves, m effect, a uniform reluctance 
for the leakage dux emanating from the tooth tips. . 

(3) That in the familiar method of obtaining the armature 
self-induction from the saturation and synchronous impe 
curves (i.e„ by subtracting the armature reaction, that is, the de¬ 
magnetizing ampere turns of normal current under sustained sn 
circuit, from the corresponding field ampere turns), a very la g 
error in this test value of self-induction may occur, if, as is usua pY 
done, the armature reaction is calculated on sine wave assump¬ 
tions. A set of curves shown in Fig. 20, which are plotted from 
results derived in Appendices A and B, give values of- the c - 
rection factor which applies to calculations based on sine wav<e. 

An approximate, but convenient, m ^thod °* ?? a pr 

armature reactance in the calculation of field excitation under 

load is given in Appendix C. 

In Part II it is shown that the initial short-circuit current of 
synchronous machines is determined not only by the armature 
self-inductive reactance, as is often assumed, but also by 
self-inductive reactance. Neglecting the field reactan " 

culation may give a calculated short-circuit current 5 P 
or more, too high. A formula is derived for calculating the field 
reactance which, added to the armature reactance, give , . , 
total which determines the initial short-circuit current and winch 
it is proposed should be called, as previously recommended by 

1209 
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other authors, transient reactance. Table IV shows a comparison 
on eleven machines of the actual short-circuit currents as deter- 

th^paper ° SC1 lograph ’ and as emulated by methods proposed in 

Tl 16 ca J cu lations of transient reactance apply strictly to salient 
lammated pole alternators without amortisseur rrinding How 

connection ZftTThf a V S , record . ed in Table IV, if analyzed in 
estimating theV™' 2 ° re * ical considerations, affords a basis for 

massive steel rotors and ofTalfent-pole ^achfnef Samorti? 

possibie from mathematics. One interesting and important 
tiorofThe C problem U is h that th abHS - h fr ° m th ® P^ sioal intfrpreta- 

rotor is entirely laminated) 30 or 40 per cent nf f th f 

rim^"^ 1 ^ M Plains wh y, in machines with solid stee^rotor 

fi n mt S fe^ y fi cS a a &^ n cftK’ * <*“«" 


Introduction 

A S ttie march of time obliges designers to become ever more 
e cient in the use of materials, it becomes more and more 

Z!l7 to Sh0Uld 6Xtend d6Sign calcul ations to further 
pleteness The sdf-mductive reactance of synchronous 

■ Tn tbl “ri t an<3S m - Very lm P° rtant relati °n to this problem, 
and nf S 6<det .^“ atlon of 1 field excitation, of voltage regulation, 
and of the initial short-circuit current, the reactance is, of course 
a very essential factor. 

wbT h b\ e the aUth ° rS undert00k a survey of the work 

which had been done on the calculation of armature reactance 

at leit iT ° f finding ’. if n5t in an y particular existing formula, 
fJ™ St “ a + com bmation of different ones, an expression for re¬ 
actance that would give reliable calculations-reliable, we mean 
hen applied to the entire range of machines as built by one of 

terv 3bT ring ~ m P anies - result was probably 

very much the same as that which others have obtained who 

w I. aVe “ ad ® asi 7 lar attem P t - Particular expressions applied 

no 12^^“ ° f machines > but none was found, and 

the P nrSllm lb' M ° re ° Ver ’ on account of many factors in 
Sf le “; th ® e q uatl °u for reactance is a very clumsy thing 

of ^eact^o 0 T’ ind6ed ’ t0 ^ Practical the Elation 
of reactance on each new, proposed design. It is nevertheless 

desirable to have this calculation. By methods described later 

an expression was finally arrived at which does apply generally 
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to all classes of machines from two-pole turbine-generators to 
136-pole water-wheel driven generators, of any voltage and 
frequency, three-phase, two-phase or single-phase, and the 
results are put in convenient shape for the designer’s use, there¬ 
by making the calculation for each machine a practical matter. 
A tabulated comparison of calculated and test results (taken 
from ordinary commercial tests for open and short-circuit 
characteristics) is shown in Table I. 

The importance of predetermining the initial short-circuit 
current of synchronous machines need not be dwelled upon. 
Mechanical stress involved, the rupturing capacity of circuit 
breakers, heating, etc., all make it a matter of supreme import¬ 
ance. The theory underlying short circuits has been thoroughly 
worked out by Steinmetz, Berg and Bouchert; and Diamant 1 has 
extended the mathematics involved and investigated the possi¬ 
bility of determining experimentally the attenuation factors, rjL , 
which determine the rate of decrease of the transients. That 
is, the complete equation for the instantaneous values of short- 
circuit current has been available for some time. The difficulty in 
its use has been that the factors involved could not be predeter¬ 
mined, and, to some extent, there has been uncertainty regard¬ 
ing what constitutes the reactance which determines the short- 
circuit current. The, authors will show that this reactance in¬ 
cludes the field self-induction as well as that of the armature, 
and will derive a formula by which the total reactance may be 
calculated. To the author’s knowledge this has not been pre¬ 
viously worked out. Table IV gives a comparison of calculated 
and actual values of short-circuit current. 

In the process of obtaining the above results, another closely 
related problem was incidentally solved, namely, the effect 
of the harmonics in the no-load flux wave upon the field 
excitation required for normal voltage and also upon the arma¬ 
ture reaction. This is given in Appendices A and B. ; ^ 

The object of the paper/therefore, is (1) to present a reliable, 
general formula for the calculation of self -inductive armature 
reactance of synchronous machines. (Given in Part I). 

(2) To give a simplification of the general equation, per¬ 
mitted by standard construction, accompanied by working 
curves making it possible to calculate the per cent armature re¬ 
actance from the design sheet in less than five minutes. (Given 

in Part I). _____;_ 

1. Trans., A. I. E. E. 1915, Vol. XXXIV, p. 2237^ 
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table i 

COMPARISON OP CALCULATED AND TEST VALUES AT ARMATURE SELF 

INDUCTIVE REACTANCE 
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TABLE I. ( Continued ) 

COMPARISON OP CALCULATED AND TEST VALUES AT ARMATURE SELF- 

INDUCTIVE REACTANCE __ 


SALIENT POLE MACHINES 


52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 
9 $ 

100 
101 


Kv-a. 


1350 

1400 

1400 

1400 

1400 

1420 

1425 

1450 

1500 

1500 

1500 

1625 

1800 

2000 

2000 

2000 

2100 

2125 

2200 

2200 

2250 

2250 

2250 

2500 

2800 

2000 

2800 

3000 

3000 

3125 

3500 

4000 

5000 

5000 

5650 

6000 

6000 

6600 

6250 

6750 

7050 

7050 

7500 

8750 

8750 

9000 

10000 

10000 

12000 

15000 




Freq. 


3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

2 

3 

3 

3 

3 

2 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 


25 
25 
25 
60 
60 
25 
60 
60 
25 
60 

62.5 
25 
60 
60 
60 
60 
60 
40 
25 
25 
25 
60 
60 
25 
25 
60 
60 
50 
60 
25 
50 
60 
25 
25 
60 
50 
50 
25 
60 
50 
40 
50 
60 
50 
50 
25 
60 

62.5 

25 

50 


R.p.m. Voltage 


375 
500 
375 
514 
514 
300 
240 
720 
500 
514 
750 
750 
300 
720 
100 
360 
514 
200 
750 
375 
214 
514 
450 
250 
300 
514 
450 
500 
450 
750 
500 
600 
300 

88.3 
360 
500 
500 
375 
600 
600 
400 
375 
600 
500 
500 

57.7 
514 

55.6 
375 
375 


6600 
2200 
13200 
13200 
13200 
2300 
2200 
2300 
2300 
2200 
2300 
3300 
2300 
2200 
2300 
2400 
4600 
600 
3300 
2300 
2300 
6000 
3450 
2200 
2300 
13200 
4000 
6600 
2300 
14000 
11500 
2300 
2300 
6600 
6600 
3450 
16500 
14000 
6600 
11000 
600 
6600 
13800 
600 
6600 
11000 
6600 
6600 
6600 
6600 


Calc. 


11.3 

10.0 

11.5 
10.8 
12.9 
11.0 
21.1 

11.3 

7.9 

14.5 

14.3 

10.5 

10.6 

13.8 

8.4 

9.6 

15.7 

15.3 

9.1 

9.1 

5.9 

15.3 

17.8 

5.8 

5.5 

18.9 
15.0 

13.1 
8.25 

16.1 

19.2 

13.8 

8.9 

13.9 

19.8 
7.65 

21.6 

9.5 

16.8 

19.3 

6.6 

13.9 

13.3 

15.1 

6.9 

13.9 

6.81 

20.4 

13.2 

10.2 


Test 


12.8 

8.9 

13.8 

10.9 

11.9 

5.8 

22.0 

8.6 

10.2 

15.0 

20.0 

10.5 

12.6 
14.0 

8.0 

7.2 

15.7 

14.1 
15.0 

9.7 

4,4 

16.9 

17.1 
4.0 

4.9 

19.2 
18.0 

17.4 
11.0 

15.8 

20.0 

11.2 

10.2 

13.8 

21.3 

6.1 

26.5 

11.0 

13.9 

25.6 

8.5 

13.0 

16.9 

19.4 
7-1 

16.4 

7.9 

19.4 

12.6 
12.3 
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TABLE I. ( Continued ) 
TURBINE ALTERNATORS 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
22 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 


Kv-a. 


3750 
4375 
4375 
4375 
4375 
5000 
5000 
5000 
5000 
5625 
6250 
6250 
6250 
7500 
7500 
7500 
7500 
7500 
7500 
7812 
7812 
7812 
7812 
9375 
9375 
9375 
10000 
10000 
10000 
12500 
12500 
12500 
12500 
12500 
18333 
18750 
25000 


<f> 


3 

3 

3 

3 

2 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

2 

3 

3 


Ereq. 


60 
60 
60 
60 
60 
25 
25 
25 
60 
25 
25 
60 
60 
25 
25 
25 
60 
60 
60 
25 
60 
60 
60 
25 
60 
60 
25 
40 
60 
25 
60 
60 
60 
60 

37.3 

60 

60 


R.p.m, 


3600 

1800 

1800 

1800 

1800 

1500 

1500 

1500 

3600 

1500 

1500 

3600 

1800 

1500 

1500 

1500 

1800 

1800 

1800 

1500 

1800 

1800 

1800 

1500 

1800 

1800 

1500 

2400 

1800 

1500 

1800 

1800 

1800 

1800 

2240 

1800 

1800 


Voltage 


2300 
2400 
4500 
2300 
2300 
5500 
6600 
6600 
2300 
2300 
6600 
2300 
6600 
2300 
6600 
6600 

4000/2300 

4160/2300 

2300 

2300 

2300 

4000/2300 

4000/2300 

13200 

4000/2300 

5000 

6600 

10000 

6600 

11000 

4000/2300 

11000 

13200 

2300 

4469 

2300 

13200 


x pa 


Calc. 


9 

5.9 

6.7 

7.7 
6.25 

10.6 
6.4 

7.3 
9.0 
6.1 

10.1 

8.6 

8.6 

7.1 
10.5 

10.5 

9.4 

9.1 

7.6 

7.7 
10.1 

10.6 
11.8 

8.9 
8.0 

11.0 

9.9 
12.5 

14.2 
8.4 
9.1 

13.0 

19.2 

10.2 
6.3 

13.8 
14.4 


Test 


14.5 

2.4 

3.9 
8.2 
5,1 

10,2 

6.8 

5.5 

8.9 
3.3 

10.6 

12.2 

7.8 

6.9 

7.1 
11.8 

5.0 

8.2 

9.1 

7.8 

9.5 

8.6 

10.9 

9.3 
8.6 

9.2 

9.8 
13.8 

9.2 

8.2 

7.4 

17.1 : 

13.5 
8.6 
7.4 
12.0 
15.4 


diL T °v r 6 \ f0rmUk for calculating the field self-in- 

determinert, Ch C .°“ blaeS Wlth the armature self-induction to 
ermine the initial short-circuit current; and further to des- 

at shorts P ^ S . 1Cal P henomen a which exist in the machine 
at short circuit. (Given in Part II). 

tfllrtlo' AP °+^ enVe a formu ^ a for calculating armature reaction, 

essarv o deT^ \t! *** ° f ^ distribution - fft is nec- 

the armature S? ^ armature reaction accurately, before 

ooer ^f T 3 Can be determined from standard 

P d short-circuit tests). (Given in Appendix B). 
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(5) To show the effect of flux distribution (i.e. the effect of 
the harmonics in the no-load flux wave) on the field excitation. 
(Given in Appendix A). 

(6) To give a simplified method of calculating field exci¬ 
tation which has worked out well in connection with the per 
cent armature reactance. . (Given in Appendix C). 

PART I. 

Armature Reactance 

Of all the work which had been done on armature reactance, 
that of Gray 2 was, in our opinion, the most complete. While it 
involved certain familiar factors, such as that for the slot re¬ 
actance and the leakage from tooth tip to tooth tip which have 
appeared in other reactance formulas, it yet took into account 
for the first time, we believe, the variation of tooth-tip react¬ 
ance in salient-pole machines for different positions of the pole, 
which is very important. Fechheimer introduced a factor to 
account for the effect of fractional pitch armature coils. The 
results given in this paper have been obtained by a modification 
and extension of the work done by Gray, Fechheimer 3 and 
others. A bibliography which may be of historical interest 

is included at the end of the paper. 

There were three difficulties of fundamental importance 
which it was necessary to overcome before consistent results 
were obtained. The first was the influence of the harmonics in 
the no-load flux wave up'on the effective armature magneto¬ 
motive force or armature reaction. The armature self-inductive 
reactance, as obtained from the saturation and synchronous 
impedance curves (the open-circuit and short-circuit characteris¬ 
tics) involves the difference between the actual field m.m.f. on 
short circuit and the effective armature m.m.f. for the corres¬ 
ponding current. Since the armature reaction is calculated, 
this difference must also, to that extent, be considered as cal¬ 
culated. The familiar, approximate formula usually employed 
in determining effective armature m.m.f. per pole, 


A = (three-phase) 

is based upon sinu soidal distribution of flux and armature m.m.f. 

2. Gray’s Elec. Machine Design, 1st Edition, page 215. 

3. Trans. A. I. E. E.,Vol. 31, p. 578. 
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Nq~ series turns per pole per phase 
I = amperes per turn 
K p and Kd = coefficients, greater than unity, which take ac¬ 
count of the effect of fractional pitch coils and 
the distribution of coils respectively. 

Often the flux distribution is very different from a sine wave. In 
such cases the actual effective armature m.m.f. may be different 
by 8 to 10 per cent from the value based on sine-wave assump¬ 
tions ix ., as calculated from the above formula. This error 
in armature m.m.f., of course causes a much larger percentage 



Fig. 2 Tooth*Tip Interlink- Fig. 3—Tooth-Tip Interlinkages 
ages at Zero Power Factor at 80 Percent Power Factor 


error in the difference between field and armature m.m.ffs. on 
short circuit, which difference, correctly determined, repre¬ 
sents the armature self-induction. It is therefore obvious that 
the effect of flux distribution must be taken into account. This 
has been done by a single factor, / which is derived in Appen¬ 
dix A, and is given in Fig. 20. 

Tim second difficulty was met in accounting correctly for the, 
variation in the permeance of the “tooth-tip” leakage path for 
different positions of the pole. Gray’s method of accounting 
for this neglected certain serious factors, as will be shown later. 
Fig. 1 Shows tooth-tip leakage of one-phase belt at a time when 
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the pole-face iron forms part of the leakage path. It is obvious 
from Fig 1, that as the pole moves on, a part, and finally 
all, of the path between tooth-tips will be air. At zero 
power factor the current in any particular phase group is a 
maximum when that phase group is half way between poles, 
when the angle, 0o, between the center of the phase group 
and the center of the pole Fig. 2a, is 90 deg.; and is zero 
when the group is over the middle of the pole, when 0 O is 
zero. This produces a curve of leakage interlinkages shown as 
x in Fig. 2b. The dotted curve indicates what the leakage 
curve would be if the iron of the rotor were continuous. Now 
for any other power factor, say cos 0 = 0.7, if the distortion of 
the magnetic field is neglected, the'current will be a maximum 
when 

0o = 0 = 45 deg. 

and zero when do = — 45 deg. But distortion can not be 
neglected. By shifting the flux toward the trailing tip (in a 
generator) the position of the pole is relatively advanced, there¬ 
by increasing the total angle between the center line of the pole 
and the position of the phase group when the current is a maxi¬ 
mum, to 

00 5=5 0 @d 

where 9d is the distortion angle, shown in Fig. 18. For illustra¬ 
tion let the current be a maximum when 0 O equals 45 deg. 
Fig. 3a. This would correspond in certain machines to a power 
factor of about 80 per cent and would produce a curve of leak¬ 
age interlinkages, x, shown in Fig. 3b. The dotted curve 
indicates the leakage which would exist if the rotor iron were 
continuous. 

An analysis of the curves of interlinkages shown in Figs. 2b 
and 3b discloses an interesting and very important fact: that 
these curves as shown in Figs. 2c and 3c, are made up prin¬ 
cipally of a fundamental and a large third harmonic, all other 
harmonics being negligible; and that since in a Y-connected 
3-phase machine the third is eliminated, the fundamental alone 
remains for consideration in such machines which probably 
comprise 95 per cent of all that are now being manufactured. 
And even in two-phase or A-connected three-phase machines 
the effective results are much the same. Experience has been 
that the short-circuit characteristic and saturation curves show 
practically the same value of reactance in the same machine 
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whether it is connected Y or A. The probable explanation of. 
this is that in A-connected or two-phase machines the current, 
especially under short circuit, is not a sine wave, as it is for Y- 
connected machines, but instead, contains a negative third 
harmonic, as shown in Fig. 4. This operates to lower the peaks 
in Fig. 2b, that is, to decrease the third harmonic in the re¬ 
actance. And although, of course, the. effect of the remaining, 
decreased third harmonic in the reactance’ voltage is to restrict 
the .flow of current at certain ptoints of the cycle, and therefore 
produce a current of smaller average value than would exist if. 
• the third harmonic were eliminated, nevertheless the form factor 
of the resulting peaked wave shown in Fig. 4, is corres¬ 
pondingly higher, that is, the ammeter will read correspond- 
ingly higher, and therefore show in this case about the 
same reading for sustained short-circuit current as would be 
shown in the case of a Y-connected machine. In general, then, 
it is necessary to consider only the fundamental in the tooth- 
tip leakage. 

The salient pole construction, which is the cause of the large 
third harmonic mentioned above, is therefore, in effect replaced 
by a continuous rotor of uniform reluctance, which is greater 
than that of iron but lower than that of air, and which is different 
for^ different power factors, being lower at high power factor. 
This is obvious from a comparison of Figs. 2b and 3b. 

At high pov/er factor, an interesting circumstance arises. In 
addition to that component , of the fundamental of the tooth- 
tip leakage which is in phase with the current and which there¬ 
fore produces a reactive voltage lagging behind the current by 
90 deg., there is also a cosine term, leading the current by 90 
deg'-, which produces a reactive voltage in phase with the current. 
This has important significance in the matter of field excitation 
required under load, as pointed out later. 

Gray’s value for the tooth-tip factor, is based, on a root-mean- 
square of instantaneous values of a curve somewhat similar to 
that shown in Fig. 2b., the principal difference in the curves 
being that Fig. 2b., takes account of the distribution of the coils 
in the phase belt. Being based on the root-mean-square and 
neglecting the. spread of the phase belt, Gray’s value for this 
factor is appioximately 100 per cent higher than that given in 
this paper, and does not take account of the in-phase component 
of reactive voltage, or of the effect of the distortion of the. 
magnetic field—both of which occur under watt load. 
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The third difficulty involved the conception that on a poly¬ 
phase machine, the self-induction of the armature is a poly¬ 
phase, not a single-phase phenomenon; and that therefore the 
reactance per phase of the same machine, connected three phase 
in one case, two phase in another, would be approximately 1.5 
times the single-phase value in the former, 1.0 times the single¬ 
phase value in the latter. In other words the magnetic field of 
self-induction is a rotating polyphase field just as is the field of 
armature reaction, and the resulting overlapping of phase pro¬ 
duces greater leakage interlinkages in any particular phase of a 
three-phase machine than would exist by the m.mf. of the 
phase alone. For instance, in a three-phase machine, when the 


a 




- Fig. 5b 

Mutual Interlinkages—Poly¬ 
phase Machine 


S' 


"»' — 


. 

LgJ 

" l- " *■ 

-4a~ 

. ■ 

-S-l 

" J . 



fi 



n 

0 


© 

\_ 

0 


|# 


s 








4 
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Fig. 6b 

Slot Leakage in Three-Phase 
Machine 
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current is maximum in phase A, it is one-half maximum in B 
and C. The increase of interlinkages in A, due to 3 and L, 
is shown in Fig. 5a. For two-phase,■ the current is zero m 3 
when a maximum in A, and moreover they are displace m 
space so that the mutual interlinkages must he zero at a im 

as shown in Fig. 5b. ... 

Unless this fact is taken -into account when considering - 
phase machines, the calculated value, which is t e reac ance 
leg, will be only two-thirds as large as the test va ue, un ess 
of the factors in the reactance equation are over ur en ® , 
make up the difference. Then, obviously, the for y u ^y ould 
not apply to two-phase machines; it would give calculated 
suits 50 per cent too high. This is just what had happened 
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during this investigation. By using Gray’s formula modified 
by Fechheimer’s “Short Pitch Factor”, calculations checked 
fairly well on certain classes of three-phase machines, but not on 
two-phase. The factor of tooth-tip leakage being 100 per 
cent too high and the other factors being approximately right, 
made up for neglecting the increase of 50 per cent on the total, 
and naturally made two-phase calculations too high. By using 
the proper value of tooth-tip leakage, and allowing for the poly¬ 
phase action, the equation applies equally well to three-phase, 
two-phase and single-phase machines. 

There is, however, one term of the reactance equation which 
is not affected by the mutual induction of phases, namely, the 
slot leakage. Fig. 6 b shows the three different phases of a 
two-slot per pole per phase machine, and the slot leakage which 
exists when the current is a maximum in the middle group, one- 
half maximum in the other two. Fig. 6a is equivalent to Fig. 6b, 
and it is clear that the interlinkages of the middle group have not 
been increased by the m.m.f. of the other two groups. The 
same reasoning can be applied to other instants, when the 
currents have different values, to show that there is no mutual 
induction. This operates to reduce the ratio of three-phase to 
single-phase (terminal to neutral) reactance to a value slightly 
lower than 1.5. 

It is not obvious at first that this overlapping of phases oc¬ 
curs in the case of tooth-tip leakage. Consider, however, that 
the elimination of the third harmonic in this term, in effect 
produces a path of uniform reluctance (similar to a path of air 
only having lower reluctance) for the tooth-tip leakage. In 
other words, the case is similar to that of the end winding 
whose leakage path is air, or to that of the induction motor 
rotating main field. And, as in the two latter cases, the poly¬ 
phase field is greater than that produced by one phase alone by 
about 50 per cent, as shown in Fig. 5a. 

Turning to the question of applying the reactance in the cal¬ 
culation of field excitation required under load, experience has 
demonstrated that the use of the zero power factor value of re¬ 
actance (that is, the value determined from open-circuit and 
short-circuit test) gives reasonably reliable calculation of field 
current for loads of any power factor. Why this could be true 
when the reactance at 80 per cent power factor is, by reason of the 
different pole position when the current is a maximum, about 
60 per cent higher than that at zero power factor, was a perplex- 
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I-Current 
F• Terminat Vo/tage 

- Jnterrjat Vottoge obtomecf 
by using zero p. f. reactance 
x.'. 

F t * Internal Yo/toqe obtained 
by using 0.8pf ZL 

reactance x,+jx. z 

£, is approximately equal to Ei 

Fig. 7—Voltage Diagram at 
80 Percent Power Factor 



ing question. It is answered by the appearance of the in-phase 
component of reactive voltage in the tooth-tip factor. The r I 
drop is in phase opposition to the current; and the voltage con¬ 
sumed by it is in phase with the current. The Xi I drop, pro¬ 
duced by leakage interlinkages in phase with the current, is 90 
deg. behind the current; and the voltage consumed by it is 90 deg. 
ahead of the current. The x% I drop produced by leakage inter¬ 
linkages 90 deg. ahead of the current, as shown in Fig. 3c, is in 
phase with the current; and the voltage which it consumes is in 
phase opposition to the current. Fig. 7 shows these relations 
for approximately 80 per cent power factor, and makes clear 
why the internal voltage E\ , determined by the use of the zero 
power factor reactance, is practically the same as Ei which is 

actually required by the much 
higher reactance, corresponding 
to 80 per cent power factor, the 
effect of the latter being miti¬ 
gated by the in-phase compon¬ 
ent #2 T, There is a difference in 
phase between Ei and Ei which, 
by using the zero power factor 
value of reactance, will give a 

calculated excitation slightly too low,, but for practical pur 

poses the difference is considered negligible. _ . . 

In the interest of simplicity and convenience m elation i 
therefore, it is proposed that for the present at least, the 
power factor value of reactance be used The me«.<xof cal¬ 
culating field excitation which is given in this* paper ffollows‘that 
assumption. In the future it may become de®«Me to make 
correction for the distortion angle and power factor, hence the 
problem remains open to this further refinement. 

Calculation of Armature Reactance 

= effective armature reaction in ampere turns per po e 

i , - . h nn hi e layer winding a is 

= conductors per slot; for a clou Die ia>« 

twice the number of turns per coi.. _ . 

- air-gap coefficient based on Carter’s fnngnog 

- number of circuits in multiple in amurture ’mntog 

- reduction factor for *. at aero power factor, depends 

on ratio of pole arc to pole pitc . Aenending 

= reduction factor for Su at zero power factor, depend 

on ratio of pole arc to pole pitch. 


A 

a 

C 

c 

C a 

Ci 
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Ci = 1.5 Ci for three-phase 
= Ci for two-phase. 

C 2 = 1.5 C a for three-phase 
= C a for two-phase. 

dt = distance from top of copper to bottom of copper in 
the armature winding Fig. 8. 
d 2 = distance from, top of copper to armature face Fig. 8. 
e = voltage per phase 
/ = frequency in cycles per second. 
g = average air gap. 

I n = normal current per phase in amperes 
i — instantaneous value of current in conductor 
K = reduction factor for <$> s and <f> 0 depending on pitch 
of armature coils. 

Kd = factor for effect of distribution of armature coils in 
calculation of induced voltage, depending on slots 
. per pole and phase. 


TABLE II—Values of Kd 

s 1 2 3 4 5 6 7 Sup 

K d Three-phase 1.0 1.035 1.043 1.044 1.045 1.046 1.047 1.047 

K d Two-phase 1.0 1.083 1.098 1.103 1.106 1.108 1.109 1.11 

Ki = factor for depending on slots per pole and phase. 
K p — factor for effect of short pitch of armature coils in 
calculation of induced voltage. 

K = 1 

Sin (90° Xp) 

where p is pitch of coil in per cent of full pole pitch. 

K$ = factor for effect of form of flux wave shape in calcula¬ 
tion of induced voltage. Values of K$ are given in 
Fig. 20. 

L e — length of one phase belt of end connections. 

I = gross stacked length of armature core (iron + ducts) 
Ns = total number of stator coils 
n == number of phases. 

p = per cent pitch of armature winding (= 0.8 for 80 per 
cent pitch) 
q = number of poles 
s = slots per pole and phase. 
w a = width of slot 
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Wt 


X 


x a 

pa 

a 

T 


4 > a 


width of tooth at armature face. 

For w s and wt see Fig. 8. 

reactance in ohms 

armature reactance in per cent. 

: ratio of pole arc to pole pitch 
= pole pitch at armature core surface. 

: flux per pole in maxwells. 

■ effective tooth-tip interlinkages per phase belt per 
ampere conductor for unit length of armature, 

when the entire phase 
belt is between the 
poles. ........ 

= effective instantaneous 
value of <I?a- 

= effective end connection 
interlinkages per phase 
belt per ampere con¬ 
ductor for unit length 
of phase belt of end 
connections. 
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Fig. 8—Slot Dimensions 


Fig. 9c 

Armature Leakage Flux 
Diagrams 


<j>^ = effective tooth-tip interlinkages per phase belt per 
ampere conductor for unit length of armature, when 
the entire phase belt is under a pole. 

<j)i = effective instantaneous value of 

$ 8 = effective slot interlinkages per phase belt per ampere 

conductor for unit length of armature. 

i P = electrical angle by which the armature coil span is 

Theory. The armature leakage flux in an alternating-current 
. generator may be divided into three factors. 

(1) End connection leakage flux, represented by L e , the 
effective flux per ampere conductor interlinking one phase belt 

of end connections. (Fig. 9 A). 
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(2) Slot leakage flux represented by the effective flux per 
ampere conductor through the slot interlinking unit length of 
one phase belt. (Fig. 9 B). 

(3) • Tooth-tip leakage flux represented by 

(a) $ t -, the effective flux per ampere conductor, crossing the 
air gap into the pole face and returning across the gap and inter¬ 
linking unit length of one phase belt, when the entire phase belt 
is under the pole. (Fig. 9C.) 

(b) <£ a , the effective flux per ampere conductor emerging from 
the tooth tips and interlinking unit length of one phase belt when 
the entire phase belt is between the poles. (Fig. 9c.) 

The expression for reactance has been derived by a number of 

writers, and may be expressed in our notation by the following 
equation: 


2 7 r f s 2 a 2 q l 
10 8 c 2 




Where L 0 is the total interlinkages per ampere conductor 
in the phase per unit length of the armature 4 . 


The factor ~ 2wf l 

10 s c 2 


will be replaced by M in the fol¬ 


lowing derivation. 

End Connection Leakage. The end connection leakage can 

only be approximated, but the value of $ e L e is obviously between 
the following two limits. 

The first limit assumes that the length of the path around the 

phase belt varies directly as the width of the belt. See Fig. 9a. 
Then 

■T- -jy fl 

—■ K i -- 

T 

where K i is a constant. 

The second limit assumes that the length of the path is inde¬ 
pendent of the width of the belt. 

Then <£ e would be constant. 


Ob\ iously can not change directly as ~~ because the depth 

of coil is a factor of the length of path; on the other hand, the 
length of path must increase some as r increases, that is, it can 
no e independent of r. Hence the variation of must be 

between the first power of ~ and the zero power of — The 
___ T r 

4. Electrical Machine Design, Gray Edition 1913, p. 21. -’ 
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analysis of tests for entire armature reactance on over 100 
machines, as well as exploring coil tests for end leakage reactance 
on a 125-kv-a. generator indicates that 4> e varies approximately as 



that is 



The length of the phase belt L e = pr Kz- 


Then L e = K^n p Vr 

For a three-phase double-layer winding, and dimensions in 

centimeters, K±sfn — 2.8 was found to give satisfactory results. 
The factor for a two-phase two-layer winding will be reduced 


V2 

m the ratio of — and also by the factor 0.667 on account of 

zero mutual induction between phases in this case, and will be 
1.6 in round numbers. 

The end connection reactance for a double-layer winding will be 



2.8 M p Vr 
l 


Three-phase ( 2 ) 


1.6 M p Vr 
l 


Two-phase ( 3 ) 


For a single-layer winding the value of $ e L e will be doubled 
as proposed by Gray. 

Slot Leakage. Three-phase coil pitch between 66.66 and 100 
per cent. The expression for slot reactance with short-pitch 
armature winding was derived by Fechheimer 5 , and is used with a 


correction in the number of A and B coils, which is 


N 8 p 
180 


instead of 


Ns ± 

2 X 180 


as given in his paper. 


Omitting the factors for the top of the partially closed slot and 
modifying for our notation, the expression for inductance of 
open slots becomes 


L = 0.4 7r 


»•[( 


19 di_ 3 d£\ A 7 , ± 

96 a;, 8 w, ) 3 X 60 




( 


7 di 
96 w . 




3 

8 vi, ) 


E ±±L + £,i 

3X60 ' 3 1 


(l-A) + 

\ 60/ V 3®, T wJJ 


:*) 


5. Fechheimer “Synchronous Motors” A. I. E. E., Vol. XXXI, 1912, 
p. 580. 
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Simplifying 


L = 0.4 7T a 2 iV s 



320/ 3 




( 5 ) 

( 6 ; 


The derivation of this expression in the above paper omits 
the allowance for the out of phase component of the reactive 
voltage induced in one phase by the half coils of another phase 
in the same slot. The final expression however is correct'as it 
can readily be seen by reference to Fig. 10, the reactance com¬ 
ponent of £ 2 , the voltage induced in phase one by phase two, 



in Short-Pitch Armature 
Windings 



Fig. 11 


will be exactly balanced by the reactive component of £3 the 
voltage induced in phase one by phase three. 

For simplicity and with very little decrease in accuracy, we 
may replace the two short-pitch factors in equation (6) by an 
average value K from Fig. 11. 


Then 





0.4 7r K / di 
s \3 w. 




Pitch below 66f per cent. 

Following Fechheimer’s method with the correction for num¬ 
ber of half coils, the expression for reactance where the pitch 
is less than 66§ per cent will be 



0.4 7T 


[( 


1.187 


160/ 3 w. 


+ fi.25 - 
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Replacing the two factors by an average value K from Fig. 11 



,, 0.4 7T ^ 
M - K 




Two phase. 

Pitch between 50 and 100 per cent. 

The expression for two-phase slot reactance with short pitch 
derived by a similar process is 



jfr Wi , / 1 _ Jp_\ 

240/3 W' \ 180/ 



Using an average value of reduction factor from Fig. 11 



0.4 7r 

5 


K 





Tooth-Tip Leakage. The tooth-tip leakage may be most con¬ 
veniently calculated by dividing it into two components; the 
effective leakage flux around the part of the phase belt opposite 
the iron of the pole face (maximum value <£;); and the effective 
leakage flux around the part of the phase belt between the poles 
(maximum value 4> a ). 

The values of and <3> a for a complete phase belt were deter¬ 
mined by Gray. 6 His method has'been followed for except in 
determining the area of the path across the air gap. The leak¬ 
age flux will fringe from the teeth in almost exactly the same 
way as does the no-load flux, hence the area of the path across 
the air gap is the length of armature times the tooth pitch 
divided by the air gap coefficient, Fig. 12b. 

For one and two slots per pole and phase, 


3>i = 0.4 7r- 


w 3 +w t 
2 g C 


( 12 ) 


Following Gray’s derivation, it will be found that for higher 
numbers of slots per pole and phase 


*,-0.4x^ (13) 

A curve for Ki plotted against slots per pole and phase is 
given in Fig. 12a. 

Gray’s expression for 4> a has been adopted without change, 
6. Electrical Machine Design, Gray Edition, 1913, p. 220. 
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and simplified by assuming w s = w t) which gives a definite 
value of $ a for any given value of slots per pole and phase. 

plotted against slot per pole and phase is shown in Fig. 12. 


■!■■■■■■■■ ■> MW 

wmnummmmmmmmmm 


, J I I 
fa - Lines per C M. 


S'Slots per pole per phase 

Fig. 12a 


Modification of and $ a by Definite Pole Construction. It 
should be noted that would b'e the leakage flux per ampere 
conductor in the phase belt, if the phase belt were opposite the 


/Hr Cop Coefficient 
(Bcrsecf an CarterFrincfirra Coefficient) 


r _To_ 

- T 0 -K'w s 


W^SlotW/Cfth 


T q - St at orTooth Pitch at face 
g - Peerage fin Cop 
c=fir Crap Coefficient. 


\0 Z4 
Ya/cres of 

Fig. 12b 


pole face iron throughout the cycle. Also $> 0 would be this leak¬ 
age flux if there were no iron in the tooth-tip leakage path. The 
actual condition is a path partly iron and partly air and varying 
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in proportion of air and iron during the cycle. This condition 
ma y be approximated by calculating the interlinkages in the 
iron part of the path, and also the interlinkages in the air part of 
the path. The ratio of the former to <£i, and of the latter to 3> 0 
will be reduction factors to be applied to $,• and in calculating 
the reactances due to tooth-tip leakage. The actual tooth-tip 
leakage will be obtained by adding the two parts as calculated 
in this way. 

The general theory of the variation of and 3> a at zero power 
factor has been discussed in the first part of this paper, and it 
will now be applied to the actual calculation. 

The instantaneous values of leakage flux cf>i i vary from zero 
when the current is zero (Fig. 13a position a) to a maximum 
approximately where the pole begins to leave the phase belt 
(Fig. 13a position b) and then decreases to zero where the phase 



Fig. 13a—Diagram of Pole Positions Fig. 13b Tooth- Tip Leakage 


belt is entirely between the poles. (Fig. 13a position c). The 
instantaneous value of leakage flux 4> a i is zero when the current 
is zero, and remains zero until the pole begins to leave the phase 
belt, after which it increases gradually to a maximum where the 
current is a maximum at 90 deg. Obviously the curves for 
4>i i and <p a i are symmetrical about the 90 deg. axis. Fig. 1 - 
The values of 4>i i and 4> a i for complete distribution of the 
armature winding were calculated by the following methods. 

Tooth-tip leakage <f> a i 

For one ampere in the phase belt and unit length of phase belt 
the m. m. f. at * (See Fig. 13b) is 

2 x 2 nx 
m. m. f. = —-— 

T 

n 

where ft — number of phases 


T 


( 14 ) 
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pole pitch 


d <f> = 0.4 7r 


2 n x d 


x 


7T X 


a j 2 tl 

= o,4 Tj--^ x 

7TT 

Let effective interlinkages due to d <j> 
Then J J 2 * 


d (f)a 


d <t> a 


d 4> 


n 


0o 


2nx 2 7 i . 

: —- 0.4 7 r- d x 

t 7rr 

/^a/2 

d <£a=0.4 7T X —-^-1- C 


7r 


0 


a/2 


0 




n 2 / a 

\ 

_ ^ 

J.4 7 r 

2 T \ r 

) + 

* fia 

= 0 

Hence C ■ 

= 0 

<f>a 

= 0.4 

U 1 / 
7T - - ( 

a 



2 7T \ 

r 


for one centimeter of phase belt. 


<f>o = 3.2 


7T 
2 7T 


BO 


( 15 ) 


( 16 ) 


( 17 ) 


( 18 ) 


( 19 ) 


( 20 ) 


( 21 ) 


( 22 ) 


for one inch of phase belt. 

For the special case of three-phase and where a is expressed 
a per cent, of r. 


as 


4.6 a. 2 for one inch of phase belt. 
Tooth-tip Leakage <pi i 
Referring to Fig. 13 b 


( 23 ) 


m. m. f. = 


2 yn 


( 24 ) 


Let gb — average air gap over b. 

d+ = 0.4 tt JjL 

r 2 g> 


( 25 ) 
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Let effective interlinkages due to d <fi = d 4>% 

2 yn 


d 4>. 


d cj> 


(26) 


0.4 x 2 n 2 y 2 , 


<t> 


0.4 7r 



(27) 


(28) 


gi> T 


At y = 0 cj> 


. . 2 w 2 , . 

0.4 x -5 -» y 3 + c 

3g!,T 2 

0 hence c = 0 
n 2 b 3 


IV2 


(29) 


Jo 


<j>i = 0.4 x 


12 g b r 2 


(30) 


Where b and gs are expressed as a per cent, of r 


<t> 


0.4 x 


n 2 b 3 

12 gb 


(31) 


per centimeter of phase belt. 


= 3.2 


w 2 & 3 

12 gt 


(32) 


per inch of phase belt.. ■ 

For three-phase and one-inch length of phase belt.. 

b 3 


4>i — 2.4 


(33) 


gb 


. The area of leakage path across the air gap m actual machines 
will be reduced due to the effect of armature slots and tins will be 
allowed for by the introduction of the air gap coefficient, , 

given in Fig. 12b. 

4,,-2.4-it < 31 > 


Cgb 


The derivation of the actual values of 4>i an . 

illustrated by an example for three-phase where * p - th ’ 

the minimum gap is 1.5 per cent of the pole pitch, and the 

ratio of maximum to minimum gap is 2 to 1 , giving “ 

gap of approximately 2 per cent of the pole pitch_ Average 

values of air gap coefficient will be assumea. ^ 
ture winding will be assumed to be comp e e > 
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Table III gives the calculation of </> t - i and <p a i as the current 
varies through 90 deg. calculated from the formulas. 

b z 

<t>i = 2.4 from (33) 

4>a = 4.6 a 2 from (23) 


TABLE III. 


6 


0 

15 

30 

45 

60 

75 

90 


b 

s b 

C 

Z> 3 

C Sb 


a 

a 2 

<P 

a 

i 

<p. i 

t 

0 _ * 
a 

0.333 

0.333 

0.333 

0.25 

0.167 

0.083 

0 

0.0165 

0.0177 

0.0188 

0.0196 

[0.020 

0.023 

0.027 

1.09 
1.09 
1.08 
' 1.08 
1.08 
1.07 
1.07 

0.036 

0.036 

0.036 

0.0156 

0.0047 

0.006 

0 

0.018 

0.0193 

0.204 

0.0212 

0.0216 

0.0246 

• • 

4.76 

4.43 

4.2 

1.75 

0.52 

0.06 

0 

0 

0 

0 

0.083 

0.167 

0.250 

0.333 

0 

0 

0 

0.007 

0.028 

0.063 

0.110 

0 

0 

0 

'0.032 

0.128 

0.29 

0.505 

0 

0.26 

0.50 

0.71 

0.87 

0.97 

1.0 

0 

1.15 

2.1 

1.24 

0.45 

0.06 

» • 

0 

0 

0 

0.023 

0.111 

0.28 

0.505 


Dimensions are expressed as per cent of pole pitch. 
Average gap = 0.02 

$. = 2 4- Q-333 3 = 4 ns 

1.08 X 0.02 4 08 


$a = 4.6 X 0.333 2 = 0.505 

Fig. 14 shows the above values of 4>d and <f> a i, and the total 
tooth-tip leakage over 180 deg. These waves were analyzed for 
harmonics and the equation is given in the figure. The funda¬ 
mentals only are plotted. 

It. will be noted that the thiid is the most important har¬ 
monic, and since the third harmonics cancel in the terminal 
voltages of star connected three-phase machines, the effect of 
only the fundamental needs to be considered. It is obvious 
from the equation in Fig. 14 that the higher harmonics may be 
neglected without introducing any appreciable error. 

Ci is the ratio of the maximum value of the fundamental 
of Vi * Fig. 14 to the value of <tq that is, 


Similarly 


Ci 


0.89 

4.08 


0.218 


r _ 0.22 n Jor 

a 0.505 0435 

In the derivation of Ci and C a a sine wave of armature current 
has been assumed. This is very nearly the case with a star- 
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connected machine, and, as has been explained, in a. A-connec- 
tion the short-circuit current as read on an ammeter is prac icaliv 
equal to that with star-connection for the same field current. 
The values of Ci and C a as derived foi star connection may there¬ 
fore be used for delta connection, even though the current is net 
a sine wave in the latter case. 

The values of Ci and C a were calculated for complete distribu¬ 
tion of the armature winding with various latios of pole arc to 

% 

2.4 


2.0 


L6 


f.Z 


0.8 


0 /^ 


<t> 

4 >i A - 

pole pitch for three phase and two phase by the method shown in 

Table III, and are given in Fig. 15. 

The variation of Ci and C a with distribution of the armature 
winding was investigated and it was found the results obtained 
by the application of these factors Ci and C a to and <E> 0 would 
give practically correct results when applied to the case of one 
slot per pole and phase. It is evident that there is just one leak¬ 
age path around the coil in the case of one slot per pole and phase, 
and this path will be partly through the pole face iron and partly 
through air, but the length of path in each will vary as the pole 
moves along. The total interlinkages were calculated over 90 
deg. for this condition and the waves analyzed. It was found 



Fig. 14 

i — .89 sin 6 “|-1.22 sin 3 0 -j- .29 sin 5 6 — . 15 sin 7 6 

-.18 sin 9 d - .06 sin 11 6 
a = .22 sin d - .13 sin 3 6 + .06 sin 5 6 - .04 sin 7 6 

+ .04 sin 9 6 — .01 sin 11 6 

= 1.11 sin 8 + 1.09 sin 3 6 + .35 sin 5 8 — .19 sin 7 6 

- .14 sin 9 6 - .07 sin 11 6 
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that the ratio of the fundamental of the total interlinkage wave 
in this case to the value of <£>* + 3> a was piactically the same as 
the ratio of Ci + C a to <I?i + <£ a , that is the values of C t - 
and C a derived for complete distribution apply also to one slot 
per pole and phase. 

It is very important to note that while the values of C\ and 
C a do not change with distribution, and <£ a do show a large 
variation. 

The polyphase effect in tooth-tip reactance has been discussed 
in the first part of this paper and is taken into account by in¬ 
creasing the values of Ci and C a c 0 
by 50 per cent for three phase. 

For two phase the values of Ci 
and C a are used as calculated for 
one phase of the winding. 

Let Ci be the factor by which 

is multiplied to obtain the 
effective interlinkages per am¬ 
pere, and C 2 be the factor for <i> a 
Then 

Ci - 1.5 Ci for three phase 
— Ci for two phase 
C 2 =1.5 C a for three phase 

= C a for two phase Fig. 15—Values of Ci and Ca 



It will be noted that the values of Ci and C a are not the same 
for two phase as for three phase. 

The factors Ci and C 2 for both three phase and two phase 
are plotted against ratio of pole arc to pole pitch in Fig. 16. 

The reduction factor for tooth-tip reactance accounting for 
short pitch coils may be taken as the average factor K from 

Fig. 11. 

Reactance Formulas. The various factors of the reactance 
formula may be combined to give the following equation for a 
double-layer armature winding. 

For dimension in centimeters. 


Three Phase. 

End 


= 


2 7r/ s 2 a 2 


ql f 2.8 p Vr 


10 8 & 


Slot 


l 

Tooth Tip 

w s - 


+ 


K (A + *r) + 0 ' 41 e - #3 


(36) 
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Two Phase. 


End 


X a 

Slot 


2 rf s 2 a 2 q 1 f 1-6 p W 


10 2 c s 




Tooth Tip 


K 


[\MiL (_^L + ^_\ + o.4 7 tC 1 Ki ^L±p . + C^ a 
L s \Sw s w s / z g c 


(36) 


For single layer armature winding, multiply end connection 
factor by 2.0 and use K = 1.0. 



Reduction Factors for Tooth-Tip Leakage 
Ci = 1.5 Ci for three phase 
= Ci for two phase. 

C 2 = 1.5 Ca for three phase 
= C a for two phase. 


For dimensions in inches. 

Substitute 4.5 for 2.8 in factor for three-phase end leakage; 
2.5 for 1.6 in case of two-phase: and 3.2 for 0.47T in slot leakage 
and first factor of tooth-tip leakage. Use 4> a in lines per inch. 

Where x a = armature reactance per phase in ohms. 

/ = frequency in cycles per second 
s = slots per pole and phase 

a —conductors per slot; for a double layer winding a- 
is twice the number of turns per coil. 
q = number of poles 

l = gross stacked length of armature core (iron+ducts) 
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c = number of circuits in multiple in armature winding 
p =per cent pitch of armature winding (=0.8 for 80 
per cent pitch) 

r = pole pitch at armature core face 
K = reduction factor depending on pitch of armature 
coils 

d i = distance from top of copper to bottom of copper 
in the armature winding. Fig. 8 
d 2 = distance from top of copper to armature face Fig. 8 
Ci = 1.5 Ci for three phase 
= Ci for two phase 
C 2 = 1.5 C a for three phase 
= C a for two phase 

See Fig. 16 for Ci and C 2 

Ki — factor for $ t - depending on slots per pole and phase 
w s = width of slot Fig. 8 
w t = width of tooth at armature face Fig. 8 
g = average air gap 

C = air gap coefficient based on Carter’s fringing 
coefficient 

$ a — effective tooth interlinkages from Fig. 12 

Reactance in Per Cent. It is very convenient to have the re¬ 
actance expressed in per cent and in terms of quantities easily 
available from the design of the machine. 


Three Phase 
Per cent reactance is given by x pa = 


d n X a 


(x pa = 0.20 means 20 per cent reactance) 
Where I n — normal current per phase 

x a = reactance per phase in ohms 
e = 


= voltage per phase 
Armature reaction A 


2.12 sal 


n 


2K P K i Ktc 


Fta p„ pole * - * X Z. K ’ K ‘ K *. f 


2.22 s a qf 


(37) 


(38) 


(39) 


Let L 0 = bracket expression from reactance formulas (36) or (36) 


X ,e 


2 7T / s* a? q 
10 s c 2 


L 0 


(40) 
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From (38) 

2 K p KdK$ A 

(41) 


1 ~ -2.12 s l a 

and from (39) 

2.22 s a qf 
e ~ 10 8 K p KdKfC 

(42) 

I x a 

Xpa 

fj 

2.67 KJ Kd 2 KfA l L ' ■ 

(43) 


Two Phase 

Replacing the factor 2.12 in the armature reaction formula 
by 1.41 the formula for two phase becomes 


Xpa 


4. K^KFK^ A l 




Where Ki, and Lo are based on the two-phase curves and 
formulas. See reactance formula (36). 

Working Formulas. The expression for 


= 0.4 x Ki 
♦ 


W s + 

2 g C 


for dimensions in centimeters and 


3.2 Ki 


Ws + 

2 g C 


for dimensions in inches may be simplified by assuming w, ‘ 
and then a series of curves for plotted agamst the va ue 

W A may be derived for different values of slots per pole and 

phase. The curves are given for dimensions in inches m ^g- *7- 
The working formulas for reactance of double layer win g 
with lengths expressed in centimeters are as follows. 


Three Phase 


End 


Xpa 


2.67 (Kr. Kd Kj,y A l 

$ ~ 


2.8 p V t 
l 


Tooth Tip 


+ 


K 


Slot 

r0-4x/ dn , iA + 0.39 (Ci$,- + C* $a) 
L J \3». w./ 


(46) 
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Two Phase 


End 


X 


pa 


4. (Kp Kd K$ ) 2 A l f 1.6 p Vr 


$ 


+ 


Slot 

0.47T/ 


Tooth Tip 


£) + *•» «*•■ + *«], (46) 

Note that factor 0.39 is introduced in the tooth-tip le aka ge 

because and in the curves are expressed in leakage lines 
per inch length of core. 

For dimensions in inches. 


Three Phase. 


End 


X 


pa 


_ 2.67 [K v K d K 6 YAl ( 4.5 i> Vt 

~ --' \- i - + 


K 


3.2 


( 


4> 

Slot 

iL + 

OW, W 


I 


d 2 


Tooth Tip 

) + Ci + c 2 $ a 


(47) 


Two Phase 

End 




Slot 


PL2 

(A_ , 

d, \ 

Is , 


... W a I 


I. 

Tooth Tip 


+ C\ -f- 




Se ® Flg ' 11 for Fi Sv 17 for $i, Fig-12 for 4> a and Fig. 16 for Ch 

and C 2 . feo = 0.2 means 20 per cent reactance.) 

Reactance Curves. The formula may be still further simpli¬ 
fied by assuming average values of d h d 2 and Ws for a certain 
narrow range of slot pitches. A series of five curves covering 
the ordinary ranges of slot pitches, and giving values of end, 
slot and tooth-tip factors as a function of the slots per pole and 
phase are given in Figs. 20a, 20b, etc. The curves will give the 

accuracy necessary for most-calculations of reactances and mal^ 
the work quite simple. 

Reactance of Non-Salient Pole Generators. The reactance of 
urbme generators, the. most common type of non-salient pole 
machines, was calculated by assuming the ratio of pole arc to 
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pole pitch to be the ratio of the unslotted pole^centre to pde 

pitch. Since practically ah machine f h ^ ^ ^ was 
five or more slots per pole and phase, _ P 

simplified by substituting m » pdeSU®. 

of Ki expressed as a function of the slots per i 

That is Ki = 0.625 + 0.156 s (above 5=4) (49) 

With a ratio of pole arc to pole pitch^of 

for two phase, and G is 1* *>r 
three phase and 0.60 for two phase. 


Three Phase 


10 , + 10 | 


(50) 


(51) 


^ A _ Ws l_“ 

C t * t = 0.075 (0.625 + 0.156 5 ) 0.4 1 r ~iffc 

in lines per centimeter. v 

too w * i Wt 

C x 4>< = 0.075 (0.625 + 0.156 s) 3.2 - 2 - c ~ 

in lines per ampere cond r per incln oitnnlifving we have 

Allowing the approximation w, - w e an p y 

W s 

C x = (0.059 + 0.015 5 ) -jc 
in lines per centimeter. 

Ci <&i = (0.15 + 0.038 5 ) — q 


(52) 


(53). 


in lines per inch. 

c 2 4> a = 1.32 X 0.198 = 0.26 line per centimeter 
= 1.32 X 0.50 = 0.66 line per inch. 


Two Phase 


Similarly 


w t 


Ci = (0.0275 + 0.007 5 ) 


(54) 


lines per centimeter. 
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Ci = (0.07 + 0.018 s) ~ 

g c 

lines per inch. 


( 55 ) 


Cs = 0.12 line per centimeter. 
= 0.3 line per inch 


Substituting these values in equations (45), (46), (47), and 

(48) will give the formulas for turbine generator reactances. 

Application of Formula. The use of the reactance formulas 
will be illustrated by the application of equation ( 47 ) to a 6600- 
kv-a. three-phase 25-cycle 14,000-volt generator. 

Example : 


5 = 5.25 p = 82.5% 

r = 36.5 a = 0.698 
= 3.2 d% = 1,05 
Kp = 1.04 Kd — 1.046 


0.825 A = 11,000 g = 0.925 
w, = 1.125 
4> = 47.8 X 10 6 
K<l> = 1.016 


2.67 (1.04 X 1.046 X 1.016) 2 11,000X38 

47.8 X 10 6 = 0 -0283 


4 - 5 P _ 4.5 X 0.825 V36.5 

l 38 = 059 

—- (-^1 _i_ fh.. \ _ 3.2 / 3.2 1.05 \ 

* V3w, w , ) 5.25 \S .375 + 025/ = 1 15 

K = 0.885 K X 1.15 = i. 0 2 

% 1 lOK 

~g~ = 092^ = L22 = 5-1 Ci = 0.37 

K = 5.1 X 0.37 X 0.885 = 1.67 

= 0.54 Ci = 0:57 

$ 0 C 2 = 0.54 X. 0.57 X 0.885 = 0.27 

= 0.0283 X 3.55 = 0.10 3 55 

= 10 per cent 
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F.g. 19a— M. m. f. Diagram for 
Over-excited Machine 


Fig. 19b— M. m. f. Diagram for 
Under-excited Machine 
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1.04 

1.02 

1.00 

0.96 

0.96 

0.94 

0.92 


1.08 

1.06 

1.04 

1.02 

i.oo Mill 

0.98 

0.96 

0.94 

0.92 


Fig. 20 

Flux Distribution Coefficient, Kct> 

Note: Curves apply to poles having a constant radius of pole arc for all points of 
the arc except the extreme tip, , which is rounded off by small radius. The maximum air 
gap is taken as the radial intercept, at the pole edge, between the armature face'and. the 

pole arc extended. That is, the rounded tip of small radius is neglected in determining the 
maximum gap. 
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Armature Reactance of Three-Phase Alternators 

’ ' 'A'y F PJ^Lj^ -.-jr (Z,o + CTIAA’ y 

Armature Reactance % a = J b l ^ ^ J 

... ; -AA (For 20% Reactance^ =0.20) 

K r , X, Li, X 2 ;X 3 , X 4 and Ci are given by curves. 

A -AT armature reaction per pole. 

$ = magnetic flux per pole in maxwells.. 

I = gross length of armature in inches (iron + ducts). 
p = arm. winding pitch (0.8 for 80 per cent) 

K<t>- flux distribution factor (Fig. 20) 

Curves for Slot Pitch 0.9 to 1.1. Two-Laye^ Windings. 

For Single-Layer Windings multiply Li by 2.0 and use 1C - l.V. 


•4- K (L 2 + CvLiA- 


by curves. 
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4.0 

3.8 

3.6 

3.4 Kr 
3.2 

2.8 

2.6 


1.2 
1.0 
0.8 
0.6 
0.4 
0.2 
0 


Fig. 20 b 

Armature Reactance of Three-Phase Alternators 

K r K<t? A l f p Li 


Armature Reactance xp a 


$ 




/ 


-f- K (L 2 Ci Lt -f* Li) 


1 


(For 20% Reactance x pa = 0.20) 
K r , K t L\y L 2 , Li and C\ are given by curves. 

A — A T armature reaction per pole. 

3? = magnetic flux per pole in maxwells. 

I m gross length of armature in inches (iron + ducts). 
p = arm. winding pitch (0.8 for 80 per cent) 

K<f >« flux distribution factor (Fig. 20) 

Curves for Slot Pitch 1.1 to 1.3. Two-Layer Windings. 

For Single-Layer Windings multiply Li by 2.0 and use K *» 1.0. 
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Armature Reactance of Three-Phase Alternators 


[ Ml + K (L 2 -p Ci Lz + L\) 


__ K-r K<t> 2 A l |"" P Li , j 7 (j \ r t 1 T A 1 

Armature Reactance xp a — -J- I j \- K {L 2 + Li L% -r 

(For 20% Reactance x pa = 0.20) 
K ry K , Li, A 2 , X 3 , X 4 and Ci are given by curves.. 

A ~ A T armature reaction per pole. 

<i> = magnetic flux per pole in maxwells. 

I » gross length of armature in inches (iron + ducts). 
p = arm. winding pitch (0.8 for 80 per cent) 

K<f>— flux distribution factor (Fig. 20) 

Curves for Slot Pitch 1.3 to 1.5. Two-Layer Windings. 

For Single-Layer Windings multiply Lx by 2.0 and use K » 1.0. 
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Fig. 20d 


Armature Reactance of Three-Phase Alternators 


Armature Reactance x pa — 


K r K<? A l 


PH 





+ K (L2 H- Ci La -f LI) 


(For 20 % Reactance x pa — 0 . 20 ) 
K, Li, L%, A 3 , A 4 and C 1 are given by curves. 

A ~ A T armature reaction per pole. 

$ = magnetic flux per pole in maxwells. 

I = gross length of armature in inches (iron -f ducts). 
p = arm. winding pitch ( 0.8 for 80 per cent) 

K — flux distribution factor (Fig. 20) 

Curves for Slot Pitch 1.5 to 1.9. Two-Layer Windings. 

For Single-Layer Windings multiply A* by 2.0 and use K = 1 . 0 . 
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Armature Reactance xp a 


K r Kef? A l 
3 > 


p Li 


+ K (Li + Ci Lz + La) 


] 


(For 20% Reactance x-p a = 0.20) 
K r , K, Li, L 2 , L Zi L a and C x are given by curves. 

A — A T armature reaction per pole. 

<f> = magnetic flux per pole in maxwells. 

I = gross length of armature in inches (iron 4*.ducts). 
p = arm. winding pitch (0.8 for 80%) 

K<t>=* flux distribution factor (Fig. 20) 

Curves for Slot Pitch 1.9 to 2.1. Two-Layer Windings. 

For Single-Layer Windings multiply Li by 2.0 and use K — 1.0. 









1248 DOHERTY AND SHIRLEY: REACTANCE [June 28 

PART II 

Transient Reactance and Short Circuits 

A great deal of work has been done toward placing the phen¬ 
omena of short circuits upon a calculable basis, but there is much 
yet to be done. Diamant’s paper 7 reviewed historically the 
development of the theory underlying short circuits giving in 
detail the equations of Berg and Boucherot, and with some ex¬ 
tensions in the mathematics, gave an expression from which, if 
all the factors were known, the entire wave of instantaneous 
current, from the instant of short circuit until the sustained 
value is approached, might be predicted. The potential useful¬ 
ness of such an expression is obvious; but it is equally obvious 
to what extent its usefulness is restricted until all of the factors 
are known. 

This paper offers methods by which the factors may be cal¬ 
culated with practical accuracy on certain classes of machines, 
(those with salient, laminated poles without amortisseur wind¬ 
ing) but there are refinements yet to be made, and extensions 
to be worked out for other types of machines. 

Diamant’s equation (26) 7 , which gives the curve of positive 
crests, is perhaps the most practical form for the engineer’s use. 
In our notation .and simplified for the condition, of short circuit 
occurring at zero voltage (i.e. wave completely offset, which must 
be assumed in most engineering calculations) is, 

ic = V 2 (/„ - I s ) + VI I 0 e~ a a‘ + VI I s 

— il + H + VI J s 

where 

1 0 = alternating component of short-circuit current = —— 

x 0 

E = voltage per leg. 

x Q = total reactance effective on sudden short circuit. This 
should be called transient reactance , as suggested by 
Durgin and Whitehead 9 and by F. D. Newbury 10 . 

Is = value of sustained short-circuit current. 
a.f = field attenuation factor, defined later. 

7. Trans. A. I. E. E., 1915, Vol. 34, p. 2237. 

8. Term proposed by Hewlett, Mahoney and Burnham, Trans. A. I. E. 
E., 1918, Vol. XXXVII, p. 128. 

9. Trans. A. I. E. E., Vol 31, 1912, p. 1662. 

10- Elec. Journal , April 1914, p. 196. 
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a a = armature attenuation factor, defined later. 
t = seconds after short circuit. 

For calculation, a convenient form is: 


1st term, i\ = V2 (I 0 — I s ) e 


, V2(I 0 —I S ) ^ 4 

log*-?- = OLft 


2d term, 


/ l e y 


n 

V2 L e~ a ^ 


1 V2 / 0 

l0g e = O' a t 


12 


Fig. 21 shows the skeleton thus derived. Beyond the ordinate 
A , when h is practically zero, the wave is symmetrical about 



Fig. 21—Short-Circuit Armature Current 


the horizontal axis. The curve of negative crests between o and 
c qan be obtained by plotting i 2 from the zero line as shown by 
dotted curve n m. This may be then taken as the zero of the 
alternating component; i.e. make a = b at all points between o 
and m. 

With the curve shown in Fig. 21, the three questions which the 
designing engineer is asked, can be more accurately answered 
than in the past; namely, what is the first rush of current; what 
is the current at, say, 34 or second after short circuit, this in¬ 
terval depending usually upon the operating time of the circuit 
breaker; and what is the sustained value. 

The sustained value is easily taken from the design sheet by 
the well known method. The value of 7 0 is determined by the 
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transient reactance, x 0 . And it will be shown later that af and 
a a depend upon x 0 and the resistance of field arid armature 
circuits. 

In the past, the rate of decrease of the current has been pre¬ 
determined by empirical curves, based upon oscillographic data, 
such as given by Hewlett, Mahoney and Burnham 11 . After all, 
for commercial engineering work, such curves will still be used; 
but in their preparation or in the investigation of special cases, 
the above equation will be very useful. But before those 
curves can be used, the generator transient reactance which 
adds directly to the external reactance, must be known. 

The authors would make it clear at this point that they are 
not in agreement with conception given in Diamant’s paper, of 
the factors which determine the first rush of current, and of what 
constitutes the factors a f and a fl . He states that the initial valtxe 
of the alternating component (crest value), which he calls (A+-JB') , 
“is equal to the maximum phase voltage before short circrtit; 
divided by the armature impedance, with good approximation . J 9 - 
„As brought out in the following paragraph, this assumption 
would lead to serious error in many cases. The matter of a f and 
a a will be discussed in subsequent pages. 

Turning now to the problem in hand, the reactance which limits 
the initial short-circuit current in most synchronous machines 
is not the armature self-inductive reactance only ; it is rather the 
combined self-inductive reactance of both the armature and field 
circuits. The calculated short-circuit current, based on the arma - 
ture self-induction, is therefore higher, in some cases 40 to 50 
per cent higher, than the actual short-circuit current. In salient, 
laminated pole alternators, in which the field leakage flux, that 
is, the self-induction, is large and in which rotor eddy currents 
are practically negligible, this difference is more pronounced 
than in the continuous rotor construction of turbine generators, 
in which the effective field self-induction is largely reduced by the 
distribution of the field winding and also by the solid steel rotor, 12 
or in salient pole machines with low resistance amortissenr 
winding. Hence in the latter two eases, as might be expected amd 
as experience indicates, the armature self-inductive reactance is a 
reasonably accurate measure of the short-circuit current; and it 
is proposed, for the pres ent at least, that this basis be used f or 

11. Trans. A. I. E. E., 1918, Vol. XXXVII, p. 130. ~ _ " 

12 . A. B. Field, Trans. A. I. E. E., Vol. 31, Part 2, p. 1651. 

13. Trans. A. I. E. E., Vol. 31, Part 2, p. 1657. 
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these*cases. This is not the point of view taken by Durgin and 
Whitehead 13 in 1912. Their conclusion, based on tests of a 
12,000-kw., 9000-volt, 25-cycle turbo-generator in the Fisk 
Street Station of the Commonwealth Edison Company, was 
that “the short-circuit currents of alternators are limited by 
reactance much more complex and much higher than the self- 
inductive reactance of the armature. ” ■ While the authors 
agree, as- stated above, that this is true for alternators with 
salient, laminated poles, they submit that it is not true for 
many turbo-generators, as now ordinarily constructed, or in 
the case of salient pole machines with low resistance amortisseur 
windings. Tests in Table IV, confirm this. 

In order to establish a conception of the effect of armature 
and field self-induction, consider in part the phenomena which 
occur.in an alternator under short circuit, and the fundamental 
principle involved. A closed electric circuit , without resistance , 
must persist magnetically in the same condition as at the instant of 
closing; that is, must contain , so long as it is closed, the same 
number of magnetic interlinkages. If the flux tends to increase 
or decrease, this will produce a current of sufficient magnitude 
to maintain the interlinkages which existed when the circuit 
was closed. This law determines, in a large measure, what 
happens under short circuit; because, although both the 
armature and field circuits actually contain some resistance, 
and the currents therefore die down in the familiar transients, 
Fig. 22, yet its effect during the first cycle or so after short cir¬ 
cuit is, for qualitative considerations at least, negligible. 

It follows that the flux linked with the field winding before 
short circuit must persist after short circuit; that likewise 
whatever flux is caught in the armature circuit at the instant of 
short circuit, must there persist; and that the flux from the 
rotating field poles can not now enter the armature, i. e., can 
not change the magnetic interlinkages of the armature circuit. 

Consider a simple case of closed circuit in Fig. 23. The 
closed-ring conductor, without resistance, is moved from position 
a to the center of ; the magnetic field, cj>, in b. This causes a 
current Jo in the ring—a current sufficient to produce around the 
leakage paths of the ring a flux equal to — cj>. This is illustrated 
hypothetically in c. But Jo in the ring in b tends to demag¬ 
netize the field. This requires a corresponding increase in 
m.m.f., of the field coil, to maintain the flux 4> linked with the 
coil.. The result, as shown on b, is to force the flux around the.' 
ring. 
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Fig. 23 Diagrammatic Representation of Short-CircuitIFluxes 
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Fig. 25b.—Actual Magnetic Distribution of a Four-Pole Field— 

Derived Distribution Shown in Fig. 25a 
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which was necessary in h. Force is required to move 
from d to/, as shown by the distortion in e. The work done in 
moving the ring is the energy stored in the new magnetic field 
around the ring in /. If the ring containing zero flux, as in n, 
were moved along in g t the current would rise to ,/ a when under 
d, decrease to zero between A and II, and rise to — / tt under /I; 
in other words, an alternating current would be produced. If, 
however, the ring, enclosing the flux <p and containing the direct 


current /«, as in/, were moved as above, the current would de¬ 
crease to zeio under A , rise again to I n between A i 
reach 2/« under II. In this case, the resultant cum 
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zero 
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The events occurring in an alternator immediate!v 

* *■ 

load single-phase short circuit have thus been illustn 
short circuit at maximum voltage is rvprc.srnlvd by lit* 
closing zero flux, the short circuit at zero voltage, by 
enclosing the flux <j>. Fig, 2lie illustrates how a large al 
torque is produced when the short; circuit occurs at zero voltage. 

A three-phase short circuit at no load is different 
single-phase short circuit in this important respect* th; 
possible, three-phase, to have the short circuit occur when zero 
flux is enclosed in the sliort-circuitcd armature winding, The 
entire flux is nt nil times enclosed 1 >v some parts of the armature 
winding, and therefore in whatever position the field structure 
happens to place the flux when the short circuit occurs, there 
it must remain, a series of polar regions, stationary in space, 
while each field polo with its equal value of flux moves on 
These stationary polar regions of normal intensity, of course 
generate in the rotating field winding an alternating current of 
normal frequency, and of a maximum value 
the direct current which maintains the st: 

That is, the flux, once intact through the e 
netic path is now literally torn apa 
electrical degrees from the instant or snort cure 
sepaiate magnetic circuits, closing through the leakage paths 
between armature and field windings. At the end of one cycle 
the flux is again intact through the normal path. All the work 
which, during the first half cycle, was done on the field in tearing 
it apart, in actually establishing normal interlinkages in cir¬ 
cuits of much lower permeance than that of the normal circuit, is 
returned to the rotor during the last half cycle. The torque 


air gap, ; 




normal mug- 
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which a c comp an i es this transfer of energy has been calculated 
by b. H. Weaver, G. E. Review , Nov., 1915. 

. ®- e ^ urn the question of the self-inductive reactance exist¬ 
ing at sudden short circuit. It has been generally understood 



Fra. 24a Derived Diagram of Magnetic Distribution of Salient- 

Pole Machine 

how the armature self-induction limits the initial short-circuit 
cttrrent, that is, how, if a machine had 10 per cent armature 
sell-induction, normal armature current would cause flux through 



Fig. 24b Derived Diagram of Magnetic!Distribution of Salient- 

Pole Machine 


le f kage paths e< l ual t0 10 per cent of normal fi- 

fieM Ju- tker ® fore °“ sudden short circuit, when (neglecti 
... . , -induction) the total normal flux must be absorbed 

ea a & e paths, the armature current would have to rise 
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ten times normal. It may not have been so clear how and to 
what extent the field self-induction affects the short-circuit 
current. From foregoing considerations and from an approx¬ 
imate knowledge of the field leakage paths, it is possible to 
determine this point. The leakage paths have been approximately 
determined by plotting equi-magnetic potential lines as shown 
in Figs. 24a and 24b. The flux must be at right angles to these 
lines. The entire flux emanating from field poles of different pro¬ 
portions is thus illustrated in these diagrams. Figs. 25a and 
25b show the graphically determined and actual magnetic dis¬ 
tribution of a 4-pole rotor with an iron plate bridging the poles, 
wooden blocks supporting the ends and forming an air gap. It 
will be noted that a large portion of the leakage flux emanates 





Fig. 25a—Derived Diagrams of Magnetic Distribution of the 
, Four-Pole Field Shown in Fig. 25b 

from the under side of the pole tip, which, we believe has not 
generally been considered in leakage calculations. In Fig. 25b 
the paths as indicated by the iron filings can not be traced to 
the pole body and to all of the under surface of the pole tip, on 
account of the field winding. But it is clear from the direction 
of the paths at the edge of the field winding that they will ter¬ 
minate approximately as shown in Fig. 25a. These figures of 
course do not show quite what the distribution would be if the 
rotor were placed in the stator. Then, both the derived and 
actual distribution would be different, but not greatly different. 
This experiment was made to confirm the method. Fig. 26 
shows the distribution on a machine with a large number of 
poles. 
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Fig. 27a represents the distribution of flux at no load on a 
three-phase generator. A, B and C represent the different 
phase belts. Fig, 27b represents the same machine with open 



Fig. 27a—Diagram of Magnetic Field at No-Load Excitation on 

Field 

r 

field circuit, the field poles rotating synchronously in position 
shown, and with a three-phase current in the armature. The 
entire magnetic flux shown in Fig. 27b represents the syn¬ 
chronous reactance. All magnetic lines *in Fig. 27b which 



Fig. 27b—Diagram of Magnetic Field at No-Load—Three-Phase 
Excitation on Armature Field Revolving at Synchronous Speed 

do not link with the field winding represent the armature 
self-induction, or armature reactance. Likewise in Fig. 27a, 
that part of the field flux which does not link with the armature 
winding represents field self-induction, or field reactance. Just 
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as on sustained short circuit, the field current causes the ar¬ 
mature current to flow, and must therefore be greater in m.m.f. 
than the armature current, by the armature self-induction, that 
is greater in the ratio, 

synchronous reactance A 
effective armature reaction 

__ total flux linked with armature, Fig. 27b 

mutual flux, Fig. 27 b 

so also on sudden short circuit, when the armature current 
causes the rise in field current, the armature m.m.f. must be 



Zrtarr ZZx — » £ 2 ? 

Z can 2/7 4/7 

Op-cr t -£ 

Fig. 28 —Diagram for Calculating Field Leakage 

© 

greater than the rise in field m.m.f. by the field self-induction, 
that is greater in the ratio, 

total field winding interlinkages, Fig. 27a 
mutual flux interlinkages, Fig. 27a 

For convenience in developing the point, assume that all of the 
field leakage is concentrated between pole tips shown as <£4 in Fig. 
28. On sudden short circuit, since the normal flux which is 
linked with the field winding and which before short circuit 
entered the armature, can now neither enter the armature nor 
die out through the field winding, it must be forced through the 
leakage paths. At the instant at which the armature current 
in its rise at short circuit passes through normal value, the ac- 
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companying rise in field m.m.f. wifi be approximately equal 
(actually less) to the effective armature reaction, A, correspond¬ 
ing to normal current. This increase in field m.m.f. must cause a 
corresponding increase in </> 4 , Fig. 28; but since (pi links with the 
field circuit, and the field interlihkages can not increase, it follows 
that the increase in pi represents the portion of the normal flux 
$, which is absorbed on shcrt circuit by the field self-induction 
when the field and armature m.m.f s. have risen to A. As an 
illustration, let the flux <pi corresponding to a field m.m.f., A, be 
4 per cent, and let the armature self-induction be 10 per cent. 
Then as the armature current passes through normal value, 14 
per cent of normal flux 4>, will have been absorbed in the leak¬ 
age paths; and the armature current will rise to 7.15 times nor¬ 
mal value. 

But (pi does not, as above assumed, represent all of the field 
leakage. Other paths of <p h <p 2 , <p 3 , etc., Fig. 28, exist. It is 
not so obvious how this additional leakage from the sides and 
ends of the pole, behaves, and how it operates to limit the short- 
circuit current. It would appear that none of the normal flux, 

could sink into leakage paths of <p h and <p 2 , since in doing so it 
would have to cut through the closed field winding; and also, and 
for the same reason, that the leakage <pi and <p 2 could not increase. 
Actually, both happen. The condition which must be fulfilled 
is that the total eff<ective interlinkages of the field circuit shall not 
change. Two lines linking one half of the field turns is equivalent 
to one line linking all of the turns; four lines linking one fourth 
of the turns is equivalent to one line linking all, etc., etc. What 
actually happens, therefore, is that as the short-circuit current 
rises, some of the normal flux, $*, sinks into the paths of <p x and 
P 2 ; and to just the extent to which interlinkages are decreased in 
this process at the top of the winding , new flux, compensating for 
the loss, appears at the bottom of the winding. In machines which 
have rotors entirely laminated, this increase in flux may be 30 to 
40 per cent. So that the total field leakage flux, existing under 
sudden short circuit, is the same (or nearly so) as would exist 
on open circuit with the same field m.m.f.; and the effective 
interlinkages which represents is the portion of the normal flux 
#, which would be absorbed in the total field self-induction on 
short circuit. 

Let <p'i n be the effective field leakage interlinkages per unit 
length of machine, corresponding to a m.m.f. on the field equal 
to normal armature reaction, A . Then, if a rise to normal 
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current in the armature would cause a rise in field m.mff. equal 
to A , the ratio 

l<j>' In 


x'pf- 


$ 


( 1 ) 


would represent the per cent field self-induction. Actually the 
rise in field m.m.f. corresponding to normal armature current 
is less than A, as already pointed out, by the ratio 


mutual flux interlinkages, 


Fig. 27a 


total field winding interlinkages, Fig. 27a 
$ 1 1 


$ + ~r l 4>'ln 

JTjL 


1 -f- 


F IV In 


where 


F 


A $ 
no-load field m.m.f. 


1 + T*'*/ 


( 2 ) 


l = length of machine 

It is still further reduced by the field self-induction in another 
way: the portion of normal flux which at short circuit is ab¬ 
sorbed in the field leakage paths no longer requires, as it did 
before short circuit, a corresponding portion of the no-load field 
m.m.f. F to maintain it across the air gap. But all of F re¬ 
mains at short circuit. Hence the difference between F and the 
portion of F which is actually needed for the flux which is not 
absorbed in field leakage paths, is balanced by a correspond¬ 
ingly decreased rise in field m.m.f. Hence, a rise in armature 
m.m.f. equal to A, produces a rise in fieldjm.m.f. equal.to 


F a 


A 


F 

1 + T x ' p f 


Xp f F 


( 3 ) 


Where X pf represents the per cent actual field self-induction 


or per 

cent field reactance. 

This is 



F a , 


X P f ■ 

= —r x 
A 

But 

x' Pf 

l In 



and 

4>'ln 

II 

Hence 




/ 


( 4 ) 
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Substituting ( 3 ) and ( 5 ) in ( 4 ) and simplifying 

FIL 
A 4 * 

Xpf = | F1L J ( 6 ) 

Where 

A — effective polyphase armature reaction AT cor¬ 
responding to normal current I n 
F = no-load field A T 

$ = normal flux per pole (in maxwells) entering the 
armature 

L - [ 1.42 ^+0.16 (j)‘+ 1 6 log (l + JT -2-) 

+ 5 ' 0J F { 1 + 0-62 7 log (l + tj) }+ 0.55 f] 

If length is in inches, the expression for L becomes 


L = [ 3-6 m~ + °'° 4 (j ) + 41 °g (* + * j-) 

+ 12.8 -j- | 1 + 0.62 -j- log (l + ^ — ) j +1-4 jj 

a, b, c, d, h, m, d p , see Fig. 28 and Fig. 34 
m = distance between pole cores at h + 2 
l — gross stacked length of machine (core + ducts) 
d = width of pole core 

h 

L = applies for all values of - above 0.5, and is the effective 

m 

leakage lines per unit length of machine, linking the 
entire field winding when the field m.m.f. is one ampere 
turn. The expression for L is derived in the following 
pages. 


f) 


and 0.62 


log ^ 


1 + 


are plot- 


The terms 4 log ^1+ tt a ^ * * 1 1 ^ - 1 w ^ 

ted in Pig. 29. 

The total per cent reactance therefore which determines the 
initial short-circuit current (that is, the transient reactance) 
is given by 

= ( 7 ) 

« / 


Xn 
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where x Pa = per cent armature self-inductive reactance (or 

armature reactance) calculated by equation 
(47) Part I. 

x Pf = per cent field self-inductive reactance (or field 
reactance) calculated by equation (6) Part II 
(x PQ = 0.2, means 20 per cent reactance) 

Hence the effective value of the alternating component of the 
initial short-circuit current is 

Jo —— (8) 

%PQ 

*• 

where I m =normal current. 



Fig. 29 


The above discussion has considered only the alternating 
component of the initial short-circuit current. Actually a direct 
component of armature current, approximately equal in m.m.f. 
to the alternating component of armature current must always 
exist on a three-phase short circuit, and may exist on a 
single-phase short circuit, as already mentioned. That is at 
180 degrees after short circuit, it is necessary, in such a case, for 
twice normal flux to exist across the leakage paths of the arma¬ 
ture and field. It is obvious that this additional flux of normal 
value would be absorbed in the leakage paths in the same 
manner as above described. 

Assuming a sine distribution of both the field flux Fig. 27 a and 
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of the armature flux Fig. 27b, the direct component of current 
would be equal to the crest of the alternating component; that is 

Idc — V^2 I 0 (9) 

The distribution is, however, usually not sinusoidal. Since 
the effect of the important harmonics on short-circuit current 
(alternating component) is practically eliminated, as discussed 
in Part I, it follows that the magnitude of the alternating com¬ 
ponent is determined by the fundamental of the flux wave. The 
direct component, however, is determined by the total flux, 
that is by the ^entire flux which the_armature encloses, and may 
therefore be greater or less than y/2 Jo by a small amount. Fig. 
30 and Fig. 31 show both cases. In Fig. 30 the direct component 

is greater than the maximum of the alternating component; in 
Fig. 31, less. 

Fig. 30 also shows the third harmonic voltage, terminal to 
neutral, existing on short circuit. 

The formula for x Pq applies to polyphase short circuits on 
salient laminated pole machines without amortisseur windings. 
(The effect of amortisseur windings is discussed later). It will 
apply to single-phase short circuit, terminal to neutral, if: ( 1 ) 

A , in the formula for ocv/ is taken as the maximum value of the 
pulsating armature m.m.f. of normal current, i.e. 


A 1 =V2K'N Q I n 

where 



N q — series turns per phase (i.e. per leg) per pole. 

I n = normal current per turn 

K r = factor accounting for short coil pitch, coil distribu¬ 
tion, and flux distribution. ( 2 ) the armature reactance is 
taken equal to two thirds of the three-phase value-: since 
as pointed out in Part I, three-phase reactance is approxi¬ 
mately 50 per cent^ higher than the single-phase. That is, for 
single-phase short circuit, terminal to neutral, 

2 

Si “ 3 S + Si (U) 

where x Pfl is field reactance for single-phase short ’circuit. But 
since the three-phase armature reaction is 


A 3 = 1.5 V 2 N q I n K' 




■ I c. A. 


A. . E. E. 

VOL. XXXVII, 1918 



Fig. 26 —Actual Magnetic Distri¬ 
bution 



Fig. 30 



FrG. 31 


[doherty and shirley] 
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Fig. 32a 



Fig. 32b 
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Fig. 35b—Field Leakage Path at end of Pole 
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the equation for x p0 i can be written 

2 

3 


Xp 


01 


K 


Xpy -j- Xpy 


) 


Xp 0 


(13) 


That is, on a single-phase short circuit, terminal to neutral, the 
current should be about 50 per cept larger than on a three-phase 
short circuit. The authors have not made tests to confirm this 

point. 

The action of the field and armature on single-phase short 
circuit is as follows: if the short circuit occurs when the armature 
encloses zero flux, that is, at maximum voltage, Figs. 32a and 
32b, the pulsating armature reaction produces in the field, for 
well known reasons, a direct m.mi. equal to about one-half 
(actually less) of the maximum armature m.mi., and a double 
frequency m.mi. whose maximum value equals the direct m.mi. 

The double frequency m.mi. is of 
course at negative maximum at 
instant of short circuit, so that at 
the end of the first half cycle the 
total field m.mi. is about equal 
to the maximum armature m.mi.; 
I f that is, the armature and field 

absorb in their leakage paths at 
this instant, the total normal flux 
in proportion to their respective 
self-inductions. 

A single-phase short circuit between terminals gives, in most 
cases, practically the same current as a three-phase short cir¬ 
cuit, as experience has shown, and may therefore be calculated 
by the formula for three-phase until a more accurate method is 
worked out. 

The total self-inductive ieactance effective at shoit circuit 
expressed in ohms, that is, the transient reactance, is 


ZVZL 



Fig. 33— Short Circuit Arma¬ 
ture Current 


Xo 


x Po X normal voltage per leg 
normal current per leg 


(14) 


Table IV shows a comparison of calculated and actual values of 
the alternating component of short-circuit current in terms of 
normal current. The actual values were determined by pro¬ 
jecting to the axis of zero time the curve of positive crests and 
also the curve of negative crests, Fig. 33. The intercept on 
the vertical axis represents 2 V2 / 0 , i.e. two times the crest 
v alue of the alternating component. 
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♦Transient reactance taken equal to armature reactance, 

| Average from three waves on one film. 
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Example: 6600-kv-a., three-phase, 25-cycle, 14,000-volt gener- 


ator. 




l = 

38 A = 

F = 15600 

h __ 
m 

0.687 

O 

II 

dp = 

11 

2.0 - 

4 

negative) 

d 

l 

0.407 

Ratio 

pole 

arc 

pitch 

= 0.675 . 

L = f 3.6 X 0.687 + 0.04 | 


10970 $ = 47.7 X 10 6 
- = 0.413 


(neglect d p if it is zero or 


b_ 

c 


2.08 


■] 


+ 1.4 X 0.407 

= [2.47 + 0.26 + 3.3 + 0.57] = 6.6 

38 X 15600 X 6.6 
10970 47.7 X 10 6 

1 CT /3AA / OO w *1 t? r* r\r\ ~ 7\ r* \ o 0.04*7 


/ 15600 A . 38 X 15600 X 6.6\ 2 •' 


(i + 


47.7 X 10 6 


6 V 


Armature reactance = x pa = 0.10 (see example, Part I) 

Xpo = Xpa *4“ x p f = : 0.10 “f~ 0.049 == 0.149 

That is, the three-phase short-circuit current (a-c. component) 
would be 

io = ~ 6.7 times normal 

Consider now the question of attenuation factors, ctf and ot a . 
The attenuation factor of a circuit is the ratio of the effective 
resistance to the (interlinkages per ampere), that is, the induct¬ 
ance. In the field attenuation factor, ctf, the inductance is not 
as Diamant gives 14 the exciting inductance of the machine, 
(using his notation) 

$ N f 
i/io - 1 

14. Trans. A. I. E. E., Vol. 34, p. 2247. 
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where $ is the flux which the normal field excitation, //, would 
produce in the normal magnetic circuit, as given by the design 
sheet. It is rather 


*'N, 

I f io- 1 


where is the flux, linking the field winding, which If would 
produce in the leakage paths of both field and armature. The 
correct attenuation factor of the field to be used in determining 
the rate of decrease of field flux on short circuit is the ratio of 
the effective resistance of the circuit to the (transient field inter¬ 
linkages maintained through the leakage paths of both armature 
and field on short circuit, per ampere rise in the field circuit). 
Therefore the question is, what is the value of field interlinkages 
thus maintained per ampere rise in field current on short circuit. 


It is, 

$t N f 

Ifo 

or 

g$tNf 

I/o 

That is, 

N f 
10 8 I/o 

Where 


per pole 


total 


henrys 


(15) 


= transient flux = <£ - 
$ = normal flux per pole 

= flux per pole, absorbed in armature self-induc¬ 
tion on sustained short circuit 


$< 




x 


+ F* 


Pa 


x Pa = armature reactance 

( x pa = 0.2 means 20 per cent) 

F g = m.m.f. consumed in air gap by normal flux 
Nf = turns per pole 
q = number of poles 


I/o — component of rise in field current at short circuit. 
This corresponds to the reaction of the alternating component 
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in the armature, and for reasons previously stated is less than the 
armature m.m.f. as shown by equation ( 3 ). 


if. 


F a 


F 


x Pq Nf x p ^ Nf 


A 


1 + 


FIL 

$ 


x 


Hence the field inductance during transient is, 

qx P0 1 


Ff 


10® F 


A 




$ 


P 


f 


FIL Xp f 


( 16 ) 


L 


f. 


q XP 0 <£ Nf 

Wf 


_A_ 

Xp a 


+ T? 


g 


~F 


henrys 


1 + 


FIL 

$ 


x, 


7 


The field attenuation factor is therefore 


a f 


= ~lL 
L f0 


( 17 ) 


( 18 ) 


where r/ — effective resistance of the field circuit. In lami¬ 
nated pole machines, this may be taken in approximate calcu¬ 
lations as the ohmic resistance of the field circuit. 

The inductance in the armature attenuation factor a a , which 
determines the rate of decay of the direct component , is deter¬ 
mined as follows: the interlinkages of the armature per pole 
per phase, maintained through the leakage paths of both the 
armature and the field, per effective ampere turn rise in the 
armature m.m.f. on short circuit, is 

(K'N q )$ 

- A - ( 19 ) 


X 


or, for all poles 




q x p , 3> C K f N a ) 


( 20 ) 
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But A , for three-phase, is the product 

V2 In X 1.5 (J K' N t ) (21) 

where K' is a constant depending upon the pitch and distribution 
of coils, and upon the flux distribution; I„ = normal rated 
current; and N q = series turns per pole per phase. Hence, 
the inductance, that is the interlinkages with (K' N t ), is 

L,. - 1-5 g * (g' E£ henrys (22) 


The factor 1.5 accounts for the mutual induction of phases. For 
single phase or two phase this factor would be unity. Lao can 
be arrived at in another and more convenient way. 

It is equal to 



2 7 rf 


Where x 0 = transient reactance in ohms 

/ = frequency in cycles per second 


**>0 E 




Hence 



v %PQ E 
2 Wf I n 



The armature attenuation factor is 





where r a = effective resistance per phase. 

It may seem at first thought that since the sum of the in¬ 
ductances of both the field and armature are involved in the 
attenuation factors, the sum of resistance of both circuits also 
should enter. However, this is not the case. The armature 
and field transients involve magnetic energy storage under un¬ 
stable conditions. In the case of the field transient, immedi¬ 
ately after short circuit the energy stored in the field is the pro¬ 
duct of normal field flux times the large field m.m.f. which now 
maintains it. The flux can die down only if its energy is dis¬ 
sipated in the circuit with which it links, because, by the very 
way it is constituted, the energy can decrease only by a decrease 
In interlinkages, thi.§ c&n not happen except by resistance 
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loss in the linking circuit. Prom a slightly different viewpoint, 
suppose the field circuit has no resistance. Then the field flux 
and current would never die out, regardless of the armature 
resistance. The armature m.m.f. operates only to increase the 
reluctance 15 of the path through which the flux must pass on 
short circuit. The armature resistance operates only to decrease 
the initial rise in current, that is to decrease the amount of flux 
which on short circuit must be sent through the paths of increased 
reluctance, and therefore to increase the sustained value of flux, 
that is, to decrease the magnitude of the transient, but not its 
time. The same reasoning will apply to the armature transient. 

The relative values of a f and a a can be illustrated by taking 
some rough average figures for salient-pole machines. The ratio, 
armature reactance to armature resistance is, say, 20; field re¬ 
actance to field resistance, 80; field reactance to armature re¬ 
actance, 0.5. 

Hence 


Armature - 


resistance 

transient reactance 



1 

30 


field - 


_ res stance 

transient reactance 


1 

240 



a/ = 


2 7 rf 

~2W 


That is, the armature transient will die out eight times as fast' 
as the field, in this case. 

Diamant found from oscillographic tests that the field attenu¬ 
ation factor was larger during the first few cycles than during the 
rest of the transient. The authors have found this to be the case; 
and agree with Diamant that, until this difference, due prob¬ 
ably to saturation and eddy currents, can be further studied, the 
lower value (which corresponds to our calculation) should be 
used. This is on the safe side, since by this assumption, at any 

time after short circuit the current will be lower-than the cal- 
culated value. 


15. An equivalent reluctance could theoretically be produecd, with 

ciiitTft tf e< f T th ® ^ transient ’ b y a sudd «i increase, at open dr- 
t, m full reluctance of the armature iron. 
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Saturation of the leakage paths at short circuit and the con¬ 
sequent reduction of reactance may cause an increase in a s , and 
probably does so in machines .which have restricted leakage 
paths—turbine generators, for instance. In salient-pole ma¬ 
chines, however, where tests show the short-circuit current to 
be practically proportional to the voltage at short circuit, it is 
probable that the increase is largely due to eddy currents. The 
increase in flux at the bottom of the field pole— i. e. next to the 
rotor rim—at sudden short circuit, as explained in preceding 
pages, operates in two ways to increase a s . If the rotor rim is 
solid, as is usually the case, this change in flux is largely re¬ 
stricted by eddies in the solid rim. To whatever extent it is 



Fig. 33a—Attenuation Factors—6600 Kv-a. 375 Rev. per Min. 

14000- Volt Alternator 


restricted, the effective field self-induction is reduced, which 
would increase a f . But a much larger increase in a f results 
from loss of energy due to eddies in the rim, increasing the effec¬ 
tive resistance. Since the alternating flux in the rim is caused 
by the direct component of the armature current, i. e. the arma¬ 
ture transient, the increased ot.] would by this theory, exist only 
during the armature transient, which lasts about second. 
That is.what .actually happens, as shown in Fig. 33a. The initial 
value of a/ is 1,7 times the constant value which exists after the 
termination of the armature transient. 

There is further evidence that this theory is correct. If the 
entire rotor magnetic circuit were laminated the change in flux 
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a 


it the bottom of the pole could occur without producing serious 


eddies, and therefore, without appreciable change in a f . Actual 


fr% 


tests on such a machine shows this to be me case, me resin tk 


are shown in Pig. 33 b. There is no appreciable change in slope 
of the curve. 

The question arises, how much will calculations of reactance be 
thrown out by saturation? From the data available it would seem 
that in salient-pole machines without amortisseur windings, satur¬ 
ation is not a very serious factor. Although at 180 deg. after a 
three-phase short circuit there must be two times normal flux 
through the leakage paths, these paths are widely distributed, and 
therefore very serious concentration is prevented Yet there is 



Kttee M*. 


some. The smaller the section of the principal leak , 
pole tip and teeth) the greater the saturation, ft is*still further 
ixicieased by the action of. an amortisseur winding, and by reason 
of the slots that contain it. Hut we believe it is safe to assume 
that in the case of most laminated, salient-pole machines, without 
amortisseur windings, the short-circuit current is practically 
proportional to the voltage at which short circuit occurs. When 
thin pole tips and shallow armature slots are used, the short- 
circuit current may be 1.0 to 20 per cent greater than indicated 
by calculations which neglect saturation. In the ease of low 
resistance amortisseur windings, solid steel poles, or in turbine 
generators, where the leakage paths are much more restricted, 
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saturation makes a greater difference. Hence, for this, as well 
as another reason given in the following paragraph, the calcu¬ 
lation of such machines should be based upon the armature self- 
induction only. The matter of saturation of leakage paths is 
one which should be much further investigated. 

Another matter of importance is the effect of amortisseur 
windings, short-circuiting collars around the pole, solid steel 
poles, etc. Obviously if the amortisseur winding were without re¬ 
sistance, the flux at short circuit could not change through it and 
consequently the effect of field self-induction would be nil, since 
the field m.m.f. would not rise. Moreover, the armature leakage 
paths would be more restricted. That is the transient reactance 
would be less than the armature self-induction. But, of course, 
amortisseur windings and collars are never perfect conductors. 
On the other hand, many of them are poor conductors; hence in 
the case of laminated field poles they permit a large part of the 
field self-induction to exert itself—the more, naturally the higher 
the resistance of the amortisseur winding. However, in 
single-phase generators, or such machines, in which heavy 
copper amortisseur windings are used, and also in the case of 
solid steel poles, the resulting increase in short-circuit current 
can not be neglected. For safety, therefore, it is best in such 
cases, as proposed above, to neglect the field self-induction in 
calculating the short-circuit current; that is, to assume that the 
transient reactance is equal to the armature reactance. 

External, as well as internal, field reactance will decrease the 
short-circuit current. The rate at which the field current rises 
at short circuit will not be impeded by the external reactance, 
because the new magnetic interlinkages established in the ex¬ 
ternal reactance represent a corresponding decrease in the inter¬ 
linkages of the field winding itself, since the net total of the cir¬ 
cuit can not change appreciably during the first cycle or so. 
But, by reason of this decrease in interlinkages of the field wind¬ 
ing itself, or what is the same thing, the increase in interlink¬ 
ages in the external reactance, there remains in the field less 
flux to be forced across the leakage paths in the machine; hence 
the short-circuit current will be less by just that amount. 

With zero external field reactance the rise in field m.m.f. on 
short circuit is less than the armature m.m.f. in the ratio 




by equations (2) and (6) 
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Or, in terms of total interlinkages in the machine, 

q*N f 1 


G = 


q*N f + L f 10 s 


W w | m m 


FLf 10 s 
Nf*q 


where Lf = coefficient of self-induction of the field winding. 


Lf- 


qlLNf 

10 8 


henrys 


F — no-load field m.m.f. 

I = gross length of armature core (iron + ducts) 

L = bracket quantity in equation (33) or (33a) . 

$ = normal flux per pole (maxwells) 
q = number of poles 
Nf = turns per pole on field. 

If an external reactance, Xf x , (coefficient of self-induction, 
Lf x ), is placed in the field circuit, the ratio becomes, 

1 


G = 


1 + l L f io 8 , 

+ N?*q + 


F L fx IQ 8 
Nf*q 


G 


1 + 


F 10 8 


{L f + Lf x ) 


qNf* 

Let xpf represent the per cent reactance of the field circuit, 

assuming the rise in field m.m.f. equals the armature m.m.f. on 
short circuit. Then 


A 


V 


N, 




0C' I 


/ 


L f 10 8 


tf _ 


*N f 
A 10 s 


—i jn o 


N f 


■Lf x 10 s 


$ N f 


Pf Nf* 

The reactance of the field circuit is 


(Lf + Lf X )' 


x 


pfx 


— G 

10 8 _ 

Nf <$> ^ L f + Lfx) 


, , .F10 8 , T 

(Lf+L fx ) 


Nfa* 


X — 

X pfx — 


A 


1 


1 ~f~ 


F 10 8 


Nf *q (L f + L f*) 


(26a) 
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The total transient reactance of the machine with external 
field reactance is 


XpO Xp a Xpf x 

w ^ ere Xp a = armature reactance 

( xp° = 0.2 means 20 per cent reactance) 


The principal objection 16 to the use of reactance in the field 
circuit is the high voltage which occurs across its terminals at 
short circuit. With an external reactance in the field circuit 
equal to the internal field reactance, this voltage may be of the 
order of 50,000 volts in the case of large generators. 

Under load the short-circuit current is slightly higher than at 
no-load. The alternating component, which depends upon the 
flux per pole, is greater for short circuit under load than at no- 
load, by the increase in flux which is required under load to over¬ 
come the true impedance of the armature. Hence for the same 
load current, the alternating component of short-circuit current 
will be greater, the lower the power factor, until at zero power 
factor, it will be increased by the per cent armature reactance of 
the machine 10 per cent reactance, 10 per cent increase in the 
alternating component. At unity power factor, the 10 per cent 
being added in quadrature, would not cause appreciable in¬ 
crease. The direct component, depending upon the flux linked 
with the armature circuit, i.e. upon the terminal voltage, is the 
same for any load or power factor, providing there is no external 
reactance in the armature circuit. External reactance decreases 
the direct component because it decreases the net magnetic in¬ 
terlinkages of the armature circuit. With 10 per cent external 
reactance, zero power factor load, the direct component would 
be 0.9 as large as if the short circuit occurred at no load, the same 



terminal voltage. The reverse would 
be true of leading current. For unity 
power factor, the difference would be 
negligible, for reasons mentioned 
above. 

Derivation of Formula For Cal¬ 
culating Field Self-Induction 


The field leakage paths shown in 
Figs. 24a and 24b are approximated 
by the assumed paths shown in Figs. 
Fig. 34 28, 34 and 35a. 

16, This point has been observed by K. Ito, Tourtml Elec. Society 
(Japanese), Dec. 1917, p. 891. 
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With a m.m.f. equal to NI per pole the effective leakage lines, 
linking the entire field winding, per unit length of machine 
will be as follows: the flux element d (pi is 

d = 2 X 0.4 7T f- NI ~ 

h Kx 

where K = j— ^ (approximately) = — 2 — 


m 


d<t >i = 0.4 t r NI 


m 


h 2 


dx 


Effective flux due to cf>i linking entire winding is 


m 2 


4>n. 



4 h 


X 

h 


d<f>- 


o 




n 1 


0.039 NI 


/m \ 

\T) 


d fa = 2 X 0.4 tt(~ 


+ y 


h 


2 NI 


dy 


2 7r m 

^ V 3 


d <j> 2 = 1.05 


iV7 


(26) 


h 2 jw ^ h y) d y 

It is here assumed that the length of path is one third of the arc 

of a circle whose radius is ~, that is, the pole sides 
i of the arc. 

Effective flux of <f> 2 linking the entire field winding : 


intercept 


0 


n2 


0.27 


9 

s 

0 


NI 
h 4 m 


w 2 

4A 




Ah 


y 


h 


d4>, 



tn a 
4 A 


(m 2 + 4- JiyY dy 


0 


0n2 = 0.27 NI r~ It 


3 m 


1 / m \ 6 1 

12 \ h ) J 


( 27 ) 
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d fa = 2 X 0.4 7T X 2 N I- 


d z 


C + 7T Z 


dfa 5 N I 


d z 


C + 7T Z 

All of <£3 is assumed to be linked with the winding. 

d z 


Hence 


0n3 = 4 >3 = 5 iVT 



C + 7T 3 


<£n 3 = 1.6 iV J log ^1 + 7 T 

In determining <f> h it is necessary to find the portion of the pole 
tip from which <£ 4 emanates, Fig. 28, and further to find what 
depth of path in the air between tips should be used. By plotting 
a large number of diagrams, such as Figs. 24 a and 24 b for 
different pole proportions, it was found that this average depth 
of path could be approximated by the expression 

dp = dt —j (29) 



That is the factor may entirely disappear, which happens in the 


case of thin pole tips and low pole arc ratio. When |-is greater 
than d t , <t > n 4 should be neglected. 

0n4 = 


d. 


</>4 = 2 X 0.4 7T x 2 N I 

c 


^4 = 5 NlAs- (30) 

d <j>'i = 4 X 0.4 tv X 2 NI AsJl£ (§ ee pj g jj) 

7T X j C 

b/4 

d <t>\ = 10 N I d P 

o 

b 

d <j>' t is integrated between Oand because toward the 

middle of the pole the leakage from the end of pole shoe no 
longer goes from pole to pole, but instead bends upward and 
enters the stator iron, cutting the armature winding. The 



d x 


7 T X C 
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approximation is therefore made that the dividing line falls at 
6/4. 


0 


ns 


4>s = 3.2 NI d p log / 1 -f- 

log h - 


<W 

i 


3.2 Nl^f 

i/ 


7r 

4 

7T 

T 


6 

£ 


) 


c 


) 


(31) 


where l = gross length of armature core (iron + ducts') 

«.e pole i‘ in p I ths ^ cticallv 
d °’™ rar ‘ i to the field spider rim as shown in Fi K , 

ltka‘e bende o d ' hree f” ths “ f the "ay up the pole the 

cuttii the . h J S tte St “ or iron ’ P art ° f certainly, 

si the d‘ t, Ure wmdm g. Of course, depending upon de- 

Of the Dole 7W L i , one ' half <* may be at the top 
oi xne pole. But m the authors’ judgment three , 

seats the average case Or, + u- ^ ’ “ree-lourths repre- 

that the length of path at a L h ^ S? d J® fUrther assum Ption 
iengtn ot path at any hexght i>, Fig. 35, is 1.3 * 

, v 

-1—A J J. / O . . e. . 

h 



d d>' e = 2 X 0.4 7r 


iVJ 


Pig. 35a 


where h = height of pole core 

d 
h 


ddv 
1.3 v 


d<t>'e = 1.95 ~ NI d v 


0 'n, 



A 2 


d 0 


6 


1.95 2\f / 



v d v 


0 nf 


n6 


= 0.55 NI 


d 

l 


(32) 


reason 


to made in 

ntal and graphical study of the 1 1 ^ llght ° f an 
object of avoiding comolientea a ^ a go paths, and 
that the error in the finafresult w m PrS fl° nS ’’ and k is 

^ZtV he aSS ^ns invo^theTot"’ ^ 

m the smallest factors, such as^d, h T f UnCer ' 

on as 0 n6 anc j 
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Adding equations (26), (27), (28), (30), (31) and (32), the 
total self-induction of the field is 

<t> In = <j>nl + 0n2 + 4 > n 3 + <fiji 4 + <j > n 5 + $ n 6 

For lengths in centimeters, 

*- -*'[ 0039 (t)‘ + 027 {f s- '-aG 5 )*} 

+ 1.6 log ^ 1 + t + 5^- 


+ 3.2 3s- log (l + -j f) + 0.55 j ] 

1.6 log (l + T 
I + 0.55 yl (33) 

If inches are used, the equation becomes 

4> tn = iv/[3.6 y + 0.04 (-2.) + 41og ( 1 + 7r 1) 

+ 12.8 7 ( 1 + 0.62 jlog (l + ~) J + 1.4 yj (33a) 

4>in is the effective leakage lines per pole, linking the entire 
field winding, per unit length of machine, produced by a m.m.f. 
of NI ampere turns. 

The coefficient of self-induction of the field is therefore 



<Pln — Nl[ 1.42 — -j- 0.16 (y-) -f- 
-+ 5 y 11 + 0.62 j log (l -f- -y —) 


L f 


g N£l L 
10 8 


henrys 


(34) 


where 


2 

Nf 

l 


■■ number of poles 
= turns per pole 

! gross stacked length of core (iron and ducts) 

L = bracket quantity in equation (33) or (33a) 

For the value of leakage, p' H , per unit length, corresponding 

on tlie equal to normal armature reaction, A 
substitute A for IV I in equation (33) and (33a). 

That is - 


<P' 


In 


AL 


(36) 



1280 


DOHERTY AND SHIRLEY: REACTANCE 


[June 28 

SUMMARY AND CONCLUSIONS 

(1) A reliable prediction of the amiaw u * j 
actance of synchronous armature self-inductive re- 

to (48) inclusive, ™ 

for three-phase, based on those eauatirmf! 7 • k g CUrves 
20 b, etc, make the complete calculation f KgS ' 2 ° A 

a matter of f our 0 r five^2^^ “*” .**« 

actaace be called, for brevity, ar^ulelZZT *“ ^ 

mature reitim^undefr 6ffecti Y e ar mature m.m.f. or ar- 

vtnidcr zero power ffiotnr nn*-* a \ * 

no-load flux distribution has been determined ^ 

reaction of three-chase mined. The armature 

to the armature self indnr*r ^ ™portant m its relation 

deterreiaed from STw,"®"' «>= latter is 

— S h a e ed“re“ S TO “ ^ 

no-lid ‘ ln “ nics in th « 

for also by K*. See appendix A. ? d lt&ge 1S accou nted 

(4) A simplified method of calculating a 0 ia -a. • 
has worked out well in conjunction with th & ^ d excitatlon that 

Pigs. 20 a, 20b etc is shown ; ,. ^ ie reac tance given by 

& , ^ob, ere, is shown m appendix C. 

( ) The reactance which determines the initial * • 
current of most synchronous machines is nnt th short - clrcuit 
induction only it is rather tu ^ , not the armature self- 

the armature and field cLuits self -mduction of both 

(which, on short circuit is trahsiJ^ T ^ seIf - indu ction 
armature caaif ■ j . 1 1s transient) is often 50 per cent of th» 

'o ?£? T ’ the “ ^« ! 

would, of course, be to per Sn.Ztjh. 

is Iveui P2)°n° f e tb j t trmsient feld self-induction 

“m be T ,w ’ fw wity - W'-r 1- tbit this react - 

quation (7), Part II gives a value r n f + -u 
cent reactance, which determines +u , p0 . f tIle total P er 

of short-circuit current It is alternatln & component 

eslled <r«„i« ZctoL. Pr ° P0Se<1 ‘ h< “ *“ S be 

(8) The attenuation factors <*, and which detemiine ^ 
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rate of decrease of the field and armature transients, respectively 
are given in equations (18) and (25). 

(9) External field reactance reduces the short-circuit current 
Its effect can be calculated by equation (25a). The high volt¬ 
age across the field collector rings (which may be 50,000 volts 
on large generators, assuming external field reactance equal to 
internal) precludes its use in most cases. 

(10) Table IV confirms the following points, which are 
brought out in the theory given in Part II: 

(a) The short-circuit current of synchronous machines can be 
calculated with practical accuracy. 

(b) In the case of turbine generators with solid steel rotors, 
and also of salient-pole machines with low resistance amortis- 
seur windings, the transient reactance should be taken equal to 
the armature reactance. 

(c) In the case of high resistance amortisseur windings, the 
same value of transient reactance should be used as for laminated 
salient-pole machines without amortisseur windings. That is,' 
the value given by equation (7) Part II. 

(d) While strictly, the complete calculations apply only to 
salient, laminated pole machines without amortisseur windings, 
and the proposals in (b) and (c) are only approximations, never¬ 
theless the results shown in Table IV justify the use of these ap¬ 
proximations until the method is further extended. 

(e) Saturation at short circuit does not practically affect 

value of short-circuit current of salient, laminated pole machines 

without amortisseur windings, unless the magnetic densities 

m the pole tips and teeth are high at normal voltage, as in the 

case of the 1500-kv-a. generator in Table IV. It does affect 

the short-circuit current of turbine generators, and, probably, 

of salient-pole machines with low resistance amortisseur wind¬ 
ings. 

. ® T} ie short-circuit current is practically the same whether 

e s ort circuit on three-phase machines occurs between two 
terminals or three. 

(g) A single-phase short circuit-terminal to neutral, produces 

a current. 50 per cent greater than that of a three-phase short 
circuit. 

In condusion the authors wish to express their thanks to 
Ur. U P. Steinmetz and W. J. Foster for their interest in re¬ 
viewing the_ results of the paper, and to Messrs. E.J. Burnham 

■ S. Hennmgsen, H. K. Humphrey, and J. J. Thalheimer for 
heir assistance. 
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appendix a 

Effect of Harmonics in No-Load Flux Wave 

The shape of the wave of flux distribution is determined 
largely by the shape of the pole face and the ratio of the pole 
arc to pole pitch. The armature teeth of course add ripples 
o high order, but usually of small magnitude. The latter are 
neglected, m the following derivation because, even if they are 

etc aP thev hp 6 Tfrt 6 t0 CEUSe tr ° Uble “ teIe P hone circuits, 
etc., they have little effect upon the effective armature m m f 

by the teL rf rtf ', “?° Se ma S ni ‘“* "e determined 

into calculations £ ^ t wllich introda ce errors 

j . • ,, „ upon fundamental sine functions To 

determine the effect of these har- S ' I o 

monies, the following equations 

have been developed. They show 

that the effect of the harmonics 

upon the terminal voltage for a 

given value of flux per pole, can 

be taken into account by a single 
factor, JT,s. 

The flux waves of a number 
° representative machines were 
p otted by the following method. 

Refer to Fig. 36 . 

The flux at the middle of the 

L° "f, WaS assume d to be 10, and 
the flux at anv mint , 

inversely as the air gap obt ** ? tbe P ° Ie was taken 

the pole, the distance a b was divTde^ntn? bey ° nd the edgG ° f 
spaces as the distance c d and lines dra!! ■ * ^ nUmber of 

points on these lines. Assuming the ? Corres P on ^ng 
tional to the length of air gap, the broken bS mversely P ro P°r- 
uice the effect of the adjacent 'nnk? ,, aurve was derived, 
zero at the point midway^ betwten rtf ? ^the flux 

-TSSfSi? from the “te p® 

"eves takf'bffploSug “IS with test 
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At ordinary tooth densities, however, the variation will mak e 
only one or two per cent difference in the value of K<t>, for 
values of voltage from one half to normal. 

Flux waves were obtained by the method shown in Fig. 36 
for ratios of pole arc to pole pitch of 50, 66f and 75 per cent, for 
ratios of maximum to minimum air gap from unity to three to 
one, and for different minimum air gaps .varying from one to 
four per cent of the pole pitch. The flux waves were then an¬ 
alyzed for the harmonics up to the eleventh, and the values of 
K* were calculated. These values of Kt are given in Fig. 20. 

The factor K</> gives the ratio of the total flux in the irregular wave 
to the total flux in a sine wave which would give the same effective 
voltage at the terminals of the machine. 

This is exactly true only when the terminal voltage has a 
form factor equal to that of a sine wave. This is approximately 
the case with practically all commercial machines as now built, 
as the distribution of armature winding, short pitch of armature 
coils and star connection of the machines all operate to elimi¬ 
nate the effect of harmonics in the flux wave. 

Let Fig. 36 represent the flux distribution at no load. 

$ = (/?i sin d + /? 3 sin 3 9 + & sin 5 6 -f-....) (1) 

Instantaneous voltage generated in unit length of one con- 
ductor is 

^ is i(3 jj 

e = “Jo®" = ioi-(£isin e + (3$ sin 3 B -f- /? 5 sin 5 0 + _) (2) 

Where 

v = velocity of flux relative to conductor, in centi- 
meters per second. 

P = A ux density, lines per sq. cm. 

Effective value of voltage is 

_ . HTF 7 * 

e ‘ff- - ~ J e'Hd 

0 

p lT7^ 

10 S \/ T J ^ de 


0 


( 3 ) 
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fi 2 ~ (ft si* 1 0 + ft sin 3 0 + ft sin 5 0 +... .) 2 
— ft 2 sin 2 0 “f* ft 2 sin 2 3 0 ~f~ /?s 2 sin 2 5 0 -f-. . . 
+ 2 ( ft ft sin 6 sin 3 9 + ft ft sin 0 sin 5 0 


is zero. 


/ T/Z 

(ft A sin 0 sin 3 <9+ & ft s in (9 si 

—L- /•? /O’ O /l • w /n 


+ /?3 /?s sin 3 0 sin 5 6 + 


...) 


- ~™ ~ “ i hi y 5 am u sin 5 6 
+ & & sin 3 6 sin 5 8 + . . . .) 


e «ff’ 


r I 

10 s /y/ 


2 r y i 
-J (frsi 


sin- 0+ ft- sin 2 3 0+ ft 2 sin 2 5 0+. . .) 0 


^//* 


10V2 


r ^(^i 2 + ] 3 ? -f p 6 2 +....') 


(4) 


io g vr 


1 + & 2 2 + * 6 *"+ 


Where 


where 


^3 - & -f- jg, 

^5 = /?5 -T- /S x etc. 
f = 2r/ 

T = pole pitch 
/ — cycles per second. 


«//. 


2 t/ ffl 

108 VI 


( 6 ) 


2 "t a 5 z + 777. 


tarns, °° a ° f 


where 


" f, ‘ ~ ^ iVj l e eff . 


£ ross st&clcecl 1 ghp 1 :}i nf /* 

gth of core (iron + ducts) 

£.//• = _ 

JO® V2 V 1 + V+l?+- 

I • « * 


( 9 ) 
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If the coil does not span the full pitch r, the quantity under 
the radical is reduced. The voltage of the two coil sides are out 
of phase by angle (1 -p) t, for fundamental and by angle 


for n th harmonic, 
where, 


(1 — p) n 7r 


coil pitch 
pole pitch 


Hence the reduction factor will be the cosine of half the angle, 
that is, 


k v = cos (1 -p) J ( 10 ) 

for fundamental and 

K n = cos (1 -p) ~ (11) 

for n th harmonic. 

17 Adams has given curves for k 

pn 

If the N q series turns per pole per phase are distributed in 
two or more slots, there is an additional reduction. This factor 
K ^ given in table prepared also by "Adams. 

If the three-phase machine is connected Y, there is a still 
further reduction, but since the reduction for fundamental is 
same as for all harmonics, namely 0.866, except the 3rd and 9th 
which are entirely eliminated, it is not necessary to take this 
into account separately, as is done with k Pn and kd . "Adams 
gives also a table showing the product 

kp n kd n = K n - ( 12 ) 

for different conditions. 

Hence the effective voltage per phase (per leg) is 

.it _ IrlfNpp! _ __ 

EeU ' 10 s V2 ^ kr +kri2kii + k ™k\+.... (13) 

Where 

AI P = series turns per phase. 

To find value of /?i, refer to equation (1) 

Di @i sin 6 “h ^3 sin 3 6 -f- (3 5 sin 5 0 -j- . 

17. Trans. A. I. E. E„ Vol 28, Part2^ p. 798, 799, 805. 


( 1 ) 
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2 f W2 

= — I i3 d e 


8 = ir 

Have• I 

7r L 

/?i + -g 


A + 1 

5 ' " I 


R __ , ,2 o 

Have • — P X 

( ! +r 

■ W"| 1 

w+ ■■) 

(14) 

Total flux per pole is 





$ = r l /3 ave . 





x 2 

$ = — T l fii 

7r ^ 

( 1 + X 

HtjillW 

— -4- \ 

5 + — / 

( 16 ) 

Let 





^ = /1 + A. + 

*6 

+ • . . . ^ 


\ 

o 

0 

(16) 

$ = 

4 t, a 





ft = 


Substituting in (13) 
£ e// . = f44 




(17) 


= —TTirF^ ^kF+TJT^Jmirr~r - 

Coils aredTstribited ^ bef * fraCtional pitch is used and the 
higher harmonics. IfthemachS !J tlCally ne g%ible for the 

its multiples are eliminated i M • & ' connecte< i. the third and 
near to elim uiated, leaving the value of the radical very 


kp kfi 

In most cases the radial -mo u i 
very little error ir, 7 be “ * - K t, with 

In concentrated windino-c t u ■ 

cal cannot be neglected. It can be A ' C ° nnected > the radi- 

for machines with two or more sit ’ ? ^ With Httle error 

more slots per pole per phase, or frac . 
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tional slots per pole per phase, Y-connected armature. In 
such cases, 



4.44 f N p k p kd 
10 8 K$ 


This means that the flux of the fundamental only 


is useful. 



$ 

K* 


That is, the useful flux is 


(19) 




jSi sin d d 6 



This value $ x is what design calculations have usually been 

based on, i.e. calculations which assumed sine distributions of 
flux. 

Therefore, such calculations should be modified only by the 
factor 


Thus 

= K* $ x 



_ E eff . X K p x K d x K+ x 108 

JMJW P - W 

where 

E ef/ . = effective voltage per phase. 
i.e. per leg 

N p = series turns per phase. 

/ = frequency. 

Kp ~ k~ ~ factional pitch coefficient ordinarily used 

in design 



1 

k t 


distributed coefficient ordinarily used in 


design, and given in Table II. 




^ I + + 

Fig. 20. 



5 



and is given 


in 
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percent third hamoaic in fluI wave 
fifth “ 
seventh “ 


[June 28 


« u 

u u 


a 


a 


etc. 


If the radical i n nation (18) is „ negligible , ^ ^ 

$ . — X ifo X 10 8 ___ 

4.44/ N p K + k r3 2 k 3 2 -f- krs 2 k$ 2 -f-... _ ^22) 

APPENDIX b 

u h . , Armature Reaction 

in Europe! P “^ 

exception the method of a!ac Mnl tl 7 acticaIly with ^ 
obtain an expression for the wave of 6 pr ° bIem bas been to 
expression for the wave of field m m f ™ ature and an 

the resultant which detexmines the fl! T^! ^ tW0 for 
difficulty is encountered, especiallv or, \- But at tbls P 01nt 

One must know the reluctance at alf n salie nt-pole machines. 

before the flux can be obtained W ® U aS the m ' mi - 

reluctance is practically uniform ov^ l”*? generat °rs where 
flux can be assumed t 7 be oronort! ft Wh ° h P ° le pitch - the 
problem works out well Howeve° na ^ rn - m - f -> an d the 
succeeded m solving, ^ ^ not 

case of salient poles. ' " a ^ e assurn ptions, the 

. Tbe metbod & iven in the following oavaa f n i ■ 
of salient poles is based on the mWi ^ P .5 S ^° r so vm a the case 

‘Ompared with afield ampereturn in estahu tc'° f"" “ 

magnetic path, depends upon the -her ^ hshm Zfl ux *» the mutual 
load flux that the armature {urnwouldTf** ° f ** Mal U5eful no ' 
fcudt. The method 

tion of armature self-induction covered iTSf the . ln f sti ^ a - 
the paper. The authors were met bh ! ® mam bod ^ of 

necessity of detennining more accumt? 18 /^ 8 ^* 1011 by the 
of armature and field, since the armatur! 7 ?^ EtlVe stren § db 
b 7 tafong the difference between these ouanSfo^ 011 ^ ^ 

‘ he r; s 
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worked out to the simplest result: the armature reaction, is 
calculated by the familiar formula based on sine wave assump¬ 
tion, and this is modified by a single factor which may be taken 
directly from the curve shown in Fig. 20 

It was found by methods described in Appendix A that the 
no-load flux wave could be very closely determined from the 
dimensions of the machine. The flux-wave shape was thus 
plotted for the variety of conditions within the ranges of normal 
design. These waves were expressed as a Fourier’s series. With 
the equation of the wave given, the solution easily followed. 

Let Fig. 37a represent the no load flux wave. If one armature 

■ *j. , * ,. , . d magnetic 

circuit ('i.e. directly opposite it, when 9 = 0 in Pig. 37a), the 

flux wave will be a replica of that produced by one field ampere 


\-£of Pfyose/? 



turn. If the coil does not span the entire pole pitch, then with¬ 
in the portion which is spanned the flux wave will be a replica of 

that same portion of a complete wave of a full-pitch turn, as in 
Fig. 37b. 

On sustained short circuit, an armature current is maintained 
which is just sufficient to create an opposing m.m.f. acting on 
the mutual magnetic circuit, equal to that of the field- or in 
other words, sufficient to annihilate the mutual flux. Hence, as 
mentioned above, the measure of the effectiveness of any turn at 

any instant is the percentage of the total mutual flux it would 
enclose on open circuit. 

Refer to Fig. 37a. A full-pitch turn, A, encloses all of the flux 
when in position 0 = 0. At any angle 0, observe that the 
tlux enclosed by A is the same as if the two sides of the coil were 
moved toward the center of the flux wave by the same angle, 0; 
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because the positive flux, a, is new neutralized by the negative 
flux b. 

The effectiveness of the turns in phase A at the angle d is 

area c c 

( 1 ) 


X fl = 


0 area total wave c + 2a 

As in Appendix A, the equation of the wave is 

y - sin 0 + k 3 sin 3 6 + k 6 sin 5 0 +_ 

J e 

yd 6 

o 

Prom equations (14) and (16), Appendix A, it follows that 
c + 2a = 7 r X average ordinate 


( 2 ) 

( 3 ) 


= 7T X 0.636 ^1 + -f Al -|_ ^ 

c + 2a = 2 K<t> 

From ( 3 ) 

J 6 f*6 

ydd = \ (sin 6 + sin 3 0 + k, sin 5 0 +. .) d 0 


(4) 


0 0 

a = (1 — cos 6) + 


k z 


g— (1 — cos 3 9) 

+ - 5 - (1 - cos 5 0) + .. . 


a K* cos 0 + cos 3 0 + A. CO s 5 0 +. . 
Prom (4), 

c = 2(K*~ a) 

Hence, from ( 1 ) 

X, = 2J£±~ a) 


• ) ( 5 ) 


2 K* 


X # = 


( 


-iL'j 

kJ 


Xjl ^ 


= 1 


-( 


cos 0 4™ -j. cos 3 0 + COS5 0 +....) 

IF — ,/ 

IL<f> 


( 6 ) 
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\ 0 = -jg~ ^ cos 0 + cos 3 0 + —g~-co$ 5 0 + ....^ (7) 

For the case of a three-phase machine with 60-deg. phase belt, 
and concentrated winding, and assuming a sine wave armature 
current (which practically exists on sustained short circuit), the 
effective m.m.f. of phase A , Fig. 37a is 



X* V2 iV a I cos 0 

( 8 ) 

of phase JB t 


X V2N a I cos (0 + 60) 

(0 + 60 ) 

( 9 ) 

of phase C, 


X N t I cos (0 + 120) 

( 9 + 120 ) 

( 10 ) 

where, 

N q = 

series armature turns per pole per phase. 


I = 

r.m.s. amperes per turn. 



A =s —^— r cos (0 + 60) + —J- cos (3 0 + 180) 

+ cos (5 0 + 300) + .... J 

ft. 

X = -A. [ (0.5 cos 0 — 0.866 sin 0)-+ cos 3 0 

(0+60) L 

+ (0.5 cos 5 0 + 0.866 sin 5 0) 

+ A (0.5 cos 7 0 - 0.866 sin 7 0)] (11) 

This neglects harmonics above 7th. 

By the same reasoning, 

k 

x =A r (— 0.5 cos 0 — 0.866 sin 0) + -+ cos 3 0 
(0+120) <£^4* L 

+ A (- 0.5 cos 5 0 + 0.866 sin 5 0 ) 

5 

+ A(_ 0,5 COS 7 0 — 0.866 sin 7 0) 


( 12 ) 
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The total m.m.f. per pole (i.e. the armature reaction) is 
A = \ g V 2 N t I cos 0 

+ i +60) 7 (°- 5 cos e ~ 0-866 sin 0) 

~ (e+ 120 /^ Nq 7 ( ' 0 ’ 5 cos 6 + °- 866 sin 6) 

^ ~ I cos 0+ A (0.5 cos 0 — 0.866 sin 0) 


( 0 + 60 ) 

?+i20) (0 - 5 C ° S 6 + 0 - 866 Sin ^ 


(33) 


Substituting equations (7), (11), and (12), 


A = V2 N a I 


[ 


cos 6 

rr 

JlV 0 


cos 0 + cos 3 0+ ^cos 50 


k 7 


+ ~y~ COS 7 6 


4. (0-5 cos 0 - 0.866 sin 0) . , 

1 j (0.5 cos 0 — 0.866 sin 0) 


k: 


cos 3 6 


+ y-(0.5cos7 0- 0.866 sin 7 0) j 

_ (0.5 cos 0 + 0.866 sin d) { 

kt \ (~0.5 cos 0- 0.866 sin 0) 

+ J cos 3 H -~(—0.5 cos 5 0 + 0.866 sin 5 0) 

, k'j . 

+ — (-0.5 cos 7 0 - 0.866 sin 7 0) 

Simplifying, this becomes 
A = +5 N a I , n/h 


/ z i\ a 1 r / z, 

1 + cos 0 ^ -± cos 5 0 + 


cos 7 0 


) 


+ sin 6 


( 


bin 5 e-S- sin 7 (/ 


)] 


(14) 


If the armature turns are distributed over the phase belt in a 
number of coils instead of being concentrated in ot" oh and 5 
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the coils do not span the full pole pitch, the bracket quantity of 
equation (14) is modified as follows: 

1 becomes k p kd 

and are multiplied by k rn 
Adams 19 has given tables foi these reduction factors. 
However, since the 5th and 7th are usually not large, and 
since, as shown by (14), their effect is decreased by the order of 
the harmonic, it may be safely assumed that the further de¬ 
crease by km renders negligible all of the harmonics, in cases 
where the winding is distributed in more than one slot per pole 

per phase. 

Hence for such cases equation (14) becomes, 


A 


1.5 V2 N q I _ 2.12 Ng I 

K4, K d K v K* Kd Kj 


(three-phase) (15) 


where 

1 1 

Kp= K sin (p 90) 

K d — -r- (See Table II, Part I, for value of Kd-) 

Ng = series turns per pole per phase 
I = current per turn 

K* = flux distribution coefficient given in Fig. 20. 


APPENDIX C 

Calculation of Excitation 

The reactance as calculated by the method developed in this 
paper may be used in calculating excitation of alternating- 
current machines. The method used is an application of the 
generally accepted principles of excitation calculation,. which 
have been developed by a number of writers in slightly different 

f QT’inS 

The diagram, Fig. 18, illustrates the factors used in the cal¬ 
culation for a generator with lagging current output. 

I„ == normal armature current. 

E = ter minal voltage (is taken as unity for calcu¬ 
lations on the per cent basis.) 

Ei = in-phase component of terminal voltage 

= cos d _____ ■ 

19. Trans. A. I. E. E., Vol. 28, Part 2, pp. 798, 799, 850. 
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E x = quadrature component of terminal voltage 
= sin 9 

cos 9 = power factor 

fpa — voltage required to overcome resistance drop 
in per cent of E. (r Pa = 0.01 means 1 percent) 

%pa = voltage required to overcome reactance drop 
in per cent of E. (x Pa = 0.2 means 20|percent) 

Ei = internal induced voltage under load in per 
cent of E. 

= (cos 6 ± r pa ) + j (sin 6 d= x pa ) 


From the diagram it can be seen that cos 9 = 


Ei 4 ~ r v(k 
Ei 


Note that for a motor the sign of r pa will be minus. 


Also sin 9 — 


E x + x Pa 
E 


3J 


This expression holds for the over-excited condition, that is, 
for a generator with lagging current or a motor with leading 

current, but the sign of x Pa will be minus for the under-excited 
conditions. 


A ampere turns per pole required to overcome 
the effective armature reaction. 



2.12 N a I n 
K p K d K<t, 


for three phase 



1.41 N a I n 
K p Ki IU 


for two phase 


N 3 - series armature turns per pole per phase 

K v = fractional pitch coefficient 

K d = armature winding distribution coefficient. 

K 4 , = flux distribution coefficient. 

^ — no load flux per pole for normal voltage E. 

== full-load flux per pole for internal induced 
voltage Ei 


^2 flux for impedance drop. 

Ei — ampere turns from no-load saturation curve 
required to produce 

Eo = full-load ampere turps per pole. 
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The m.m.f. diagram is all that is required for the calculation 
of the field current and this diagram taken from Fig. 18 for the 
over-excited condition is given in Fig. 19a, and for under-excite 
condition in 19b. The following relation may be derived from 
this diagram by inspection. 

F 0 = (Fi + A sin 0i) + j A cos 0 1 
For the under-excited condition the expression 


F 0 = (F — A sin 0i) + j A cos 0i 

The application of this theory can best be illustrated by an 
example. The formulas necessary for the calculations are given 

<e 

below 


cos 9 1 


cos 6 zk r 


pa 


Ei 


Sign is + for generator 
Sign is - for motor 

. n sin 0 ± x pa 

sin 0i = - jr 

Fa = (Fi ± A sin 0i ) + J A cos 0i 

Sign is + for generator lagging current or motor leading 
current. 

Sign is — for generator leading current or motor lagging 
current. 

J E 1 = (cos 6 db r va ) + j ( sin 6 d= X pa ) 


Example: 

Generator—Lagging current. 


Assume r pa =0.01 — 1 per cent 
Xpa =0.15 = 15 per cent 
Power factor cos 9 =0.80 

Sin 9 = 0.60 . . 

F = 3800 ampere turns (not used in calculations) 

F x = 4500 ampere turns. 

A = 3000 ampere turns. 

Then Ei = (cos 0 + r pa ) + j (sin 0 + x va ) 

= 0.81 + j 0.75 = 1.10 

The value of- Fi is obtained from the no-load saturation carve 
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(test or calculated) at 110 per cent normal terminal voltage and 
is 4500 ampere turns. 


sin di 


cos 6 X = 


0.75 


1.10 

0.81 


1.10 


0.68 


= 0.735 


Fo = (4500 + 0.68 X 3000) + j 0.735 X 3000 
= 6900 ampere turns. 

Motor—Lagging current. 

Same data as above except Fi = 3400 ampere turns. 

E = (cos 6 - r va ) + j (sin Q - Xpa) 

= 0.79 +j 0.45 = 0.91 

Fi corresponds to 91 per cent of normal voltage and is 3400 
ampere turns. 

0.79 


cos 6i = 


sin 6 1 ="•; 


0.91 

0.45 

0.91 


0.87 


0.495 


F 0 = (3400 - 0.495 X 3000) + j 0.87 X 3000 
— 3230 ampere turns. 

f C t Ulatl0n ° f , the ab ° Ve & enerator may be represented 
by the following simple calculation. 

77 i 0-81 

E < 0.75 I ~ 1-10 

f 

3000 = A 


3000 

1.10 


3000 


X 0.75 


4500 = F 
20401 


6540 


J V V \J 

YTJo X °- 81 = 2210 


6900 = F 0 


Note that 0.81 
0.75 


= 1.10 and 


6540 

2210 


= 6900 


indicate combination of vectors at 90 deg. 

his method of calculation of field current 
matibn, and does not allow • urrent is an approxi- 

oes not allow for the increased field’ leakage under 
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load. This is probably compensated for by including the added 
no-load saturation in the armature magnetic circuit which does 
not exist under load. The method has been found to give a 
very close check on test results on a very large number of com¬ 
mercial machines. 

BIBLIOGRAPHY 
Part I 

Wechselstromtechnik IV, p. 8, E. Arnold. 

Electrical Machine Design, p. 215, Alexander Gray. 

Self-Starting Synchronous Motors, C. J. Fechheimer, Trans. A.I.E.E. 

Vol.31, p.578. 

Leakage Reactance, J. Rezelman, The Electrician , April 29, July 22, 
July 29, 1910. 

Part II 

Calculation of Sudden Short-Circuit Phenomena of Alternators, 
Diamant, Trans. A.I.E.E. Vol. 34, p.2237. 

Short Circuit of Alternators, F. T. Hague, Elec. Journal, May 1916. 
Alternator Short Circuits, C. M. Davis, G . E. Review, Aug. 1914. 
Short-Circuiting of Large Elec. Generators and the Resulting Forces 
on Ar m ature Windings, Miles Walker, Journal of I.E.E. March 8, 
1910. 

Electrical Engineering, Berg & Upson, 1st edition, p. 301. 

Turbo Generators, A. B. Field, Trans. A.I.E.E. Vol. 31, Part 2, p. 1645. 
The Transient Reactions of Alternators, W. A. Durgin and R. H. 
Whitehead, Trans. A.I.E.E. Vol. 31, Part 2, p. 1657. 

Electro-Magnetic Phenomena Following Sudden Short Circuit. Int. 

Elec. Congress, 1911, Vol. 2. 

Mechanical Effects of Electrical Short Circuits, S. H. Weaver, G. E. 


Review , Nov. 1915. ' . 

Power Limiting Reactances, R. F. Schuchardt and E. 0. Schweitzei, 

Tbans. A.I.EE. Vol. XXX, Part 2, p. 1143. 

Wechselstromtechnik IV, p. 457, E. Arnold. 

Electric Discharge, Waves and Impulses, p. 30, C. P. Steinmetz. 
Generator Short-Circuit Waves, ¥. D. Newbury, The Electric Journal 


April 1914, p. 196. 

Sudden Short-Circuit Current of Alternators, K. Ito, Journal of Elec. 


Society (Japanese). . ‘ ^ , 

Analysis of Short-Circuit Oscillograms, O.E. Shirley, G. E. Review, Feb. 

1917. 

Appendices A. and B. 

Wave Shape of Generators under Steady Short Circuit, A. E. Clayton, 

Journal of I.E.E. Vol. 54, 1916, p. 84. 

iXrent Regulation of Synchronous A-C. Generators, Alfred Still, 

Journal of I.E.E. Vol. 53, 1915, p. 587. , _ 

Pressure Wave in Electrical Machinery, Smith and Bouldmg, Journal 

of I.E.E.. Vol. 53, 1915. 

Decomposing Magnetic Fields into their Higher Harmonies, 
H. Weichsel, Trans. A.I.E.E. Vol. 34, Part 2, p. 2721. 
Wechselstromtechnik III, p. 175, E. Arnold. 



1298 


REA CTA NCE 


[June 28 


Discussion on “Reactance of Synchronous Machines and 
its Applications” (Doherty and Shirley), Atlantic 
City N. J., June 28, 1918. 


Carl J. Fechheimer: All who have been identified with the 
design of a-c. synchronous machinery have appreciated the great 
importance of internal reactance of the stator. All of us have 
grappled with the problem of estimating the value of the reactance, 
and probably there are no two who will agree either on a method 
of calculating its value or even on its magnitude after the machine 
is tested.. Certainly, we cannot agree upon the value of react¬ 
ance until we establish what reactance means, and are in accord 
upon its valuation from test data. Thus, as pointed out by the 
authors, the reactance determined from instantaneous short cir¬ 


cuits may be different than that which obtains during steady 
operation. 

We shall enumerate the most important ways by which the 
stator reactance can be measured. 

(1) With the use of the open-circuit saturation and short- 
circuit curves, and a knowledge of the proportions of the ma¬ 
chine, the ampere turns required to neutralize the armature 
reaction on sustained short circuit may be deducted from the 
total ampere turns on short. circuit, thus leaving the ampere 
turns which are needed to drive the flux through the magnetic 
circuit. From this latter, and with the open-circuit saturation 
curve, the reactance can be estimated. 

(2) From no-load saturation curve, a corrected curve which 
assumes full-load leakage may be drawn. From this latter 
curve, and with the use of the load saturation curve at nearly 
zero power factor, the drop may be broken up into armature 
reaction and armature reactance by assuming that these are 
constant along the curve. 

(3) The rotor may be removed and single-phase current at 
normal frequency may be circulated in the stator windings 
between one terminal and neutral for three-phase star connection 
Inasmuch as the resistance drop is usually negligible, we may 

take the reactance to be the volts from terminal to neutral, 
divided by the current. 


For three-phase delta, circulate current in one leg: for two- 
phase, circulate current in one phase. 

(4) Same as 3, except that instead of single-phase current 
between neutral and terminal, polyphase current may be cir- 
culated between terminals. 

. ® S ame as 3 ’ exce Pt with the rotor in position, 
gives different values for different positions of the rotor.) 

. C ) . Saiue as 4, except with the rotor in position, 
gives different values for different positions of the rotor.) 

• A condenser m ay be connected across the terminals of the 

^ + w ’ the ^ alu ! of the ca P acit y of which may be varied, 
so that approximate resonance can be obtained. It is theft :a 
simple matter to calculate the inductance. 


(This 

(This 



1918] 


DISCUSSION AT ATLANTIC CITY 


1299 


(8) The reactance may be estimated from oscillograms 
obtained on instantaneous short circuits. In that case, the 
peaks of the current should be projected back to the ordinates 
drawn at the instant of short circuit. 

These eight methods of measurement give various values 
of reactance, although two or more methods may be found to 
check in some machines. What then shall we say is the correct 
method? The subject is well worthy of the attention of the 
Standardization Committee of the Institute. We shall attempt 
to discuss these methods briefly. - 

No. 1 (determination from short-circuit curve) has two de¬ 
cided objections: (a) It is difficult to estimate with sufficient 
accuracy the armature reaction, and a relatively small error in 



this estimate will be magnified considerably m the value of the 
reactance; thus 5 per cent error in estimate of armature reac¬ 
tion may result in 40 per cent error in reactance, ip) lnevo - 
age which is induced in the individual conductors on sustame 
short circuit (and which is entirely consumed by impedance) 
is in general of badly distorted wave form 

For instance, we are showing m Fig. 1 the ideal field form 
the magnetomotive force of the rotor of a turbo-generator 
R, and an assumed sine wave space distribution of the m. m. t. 
of the stator current S (ideal conditions). The r '^ u - ... 
these two gives the m. m. f. which drives the flux through the 
magnetic circuit. Although the higher harmonics whic 
would result from the distortion are pretty well damped out m 
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the current wave form, they still appear in the wave of induced 
e. m. f. in the individual conductors. It will therefore readily 
be seen that reactance computed in this way from tests is liable 
to be considerably in error. That the distortion is very much 
reduced at full load, zero power factor, is quite evident. 

.No. 2 (determination from no-load and zero power factor load 
curves) has the objection that it involves calculation of the full- 
load leakage no-load saturation curve, which is subject to error. 
The proportions of reaction and reactance as finally determined 
by this method, even if we were able to estimate the full-load 
leakage curve, are also liable to be in error. Furthermore, 
saturation in the magnetic circuit may cause the reactance to 
change m magnitude along the curve. 

Nos. 3 to 6, inclusive, (pertaining to circulating current in 
windings) all give different results, but our observations lead us 
to believe that No. 3 gives results which are more nearly correct 
than 4, 5 or 6. It is certain that with the rotor in position the 
reactance measured is considerably higher than that which act- 

t 1 ?fi y -°a tai + nS ' thr ®5"Phase currents, there is sufficient mu- 

with Tingle-phase 0 ^ ab ° Ut 15 P6r Cent higher inductance than 

™ as , the disadvantage that a condenser has not lent it- 
had ton d mi USe “ ° Ur te ^ St f ooms - Furthermore, we have 
others but tt heW r ^ nCe Wlth thl . s “® thod to compare it with 

gest that it be furthe^TvSigTted ^ 65 W ' theref0re SUg_ 

bai° tiirr 

expensive and to ° elaborate for general commercial 

th^ThTauthoT t n t f 1 tvf UStaiIied reac ^ ance > it is our understanding 
tnat the authors of the paper used Method No. I (short-cironit 

and no-load saturation curves) for checkin p- th&ir -f^ i * ’ 
aT?nTh d t- r T C d ta + nCe aga “ St t “ t ' us will aSe that 

and we mTsTha^Somse 0 tofesTdatrrd t0 ™P osslble > 
rical constants - esnecklTvIs tuff/' ata - a nd thereby obtain empi- 

and we think thStolhM c ° nn ® ction leakage, 

asmuch as the authors ZT tor tooth-tip leakage also. In- 

tn an * 4 .u LI1 i useci a ^ es t method which is snhiAnf 

to an error of the order of 50 ner rent ^ ™ + u 1S stLb J ect 

in adopting their formula and r^Ur ■, 7[ e must cautious 

tace estimated Sby ' Life LTlJf 6 aC “ rac y ot ^ 

m determining reactance froTTc/TT • error 'P° in ted out 

per cent of the machSes IC f d'J 6 find ? Table tb ^t 40 

and test values of more than 20 per Calculated 

m one case is 145 per cent and \ ^- d the discrepancy 

We believe that The autwT °^f r 18 ? per cent - 

K wSef sSgie-' 

—g cmnt ; r 6 
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cent higher reactance three-phase (star-connection) than single¬ 
phase terminal to neutral. # . . . , , 

Turning now to the reactance which obtains in instantaneous 
short circuit, we are in agreement with the authors that the leak¬ 
age flux of the rotor plays a considerable part in reducing the rush 
of current, although we do not view the phenomenon from the 
same point of view. For instance, we believe that saturation 
of the rotor poles in conjunction with rotor leakage flux, may 
have considerable influence in reducing the pole leakage. For 
example, let us assume that the combined transient reactance 
is such that the stator current can rise to ten times normal 
r. m. s. value, and that the total ampere turns in the rotor 
also rise to ten times the no-load value. Then the difference 
in magnetic potential between poles, being ten times, the leakage 
flux will rise to ten times. If the no-load field leakage were 
12 per cent, then with ten times field current, # there will be 
12 X10 = 120 per cent leakage, so that, if the density in the poles 
at no load were 90,000 lines per square inch, the density would 

r i se to f 1 + 1 - 2 - ) 90,000 = 177,000 lines per sq. in. That the 

density in the poles does not reach such high value will be quite 
evident from a glance at the B - H curve for the steel, and the 
result is that some of the flux which had previously been 
useful as generating e. m. f. in the stator conductors, sinks 
into leakage flux, so as to maintain substantially constan 
interlinkages with the conductors in the rotor (these may 
be field turns, rivets, or any paths for the currents). Saturation 
of the stator teeth may also play some part, for with the reduc¬ 
tion in main flux, more leakage flux may flow, and this may, m 
some teeth, be of sufficient magnitude to reduce the percentage 
leakage. With smooth, solid rotors, such as those in,turbo¬ 
generators, the phenomenon as regards pole saturation is quite 
different from that which obtains with definite poles, because 
most of the counter m. m. f. in the rotor is produced by eddy- 
currents near the rotor surface, and they are not, in turn, pro¬ 
ductive, of a great percentage increase in leakage on instantan¬ 
eous short circuit. Although it is very difficult to check with 
the sustained short circuit and no-load and zero power factor 
saturation curves, it seems that the transient and sustained 
reactances in turbo-generators are not in very great disagreement, 
and we note that the authors are of the same opinion. . 

Other factors of not negligible importance as affecting t e 
transient reactance might be cited. We shall mention only 
one: In salient-pole alternators, most of the spiders are solid, 
and as is well known, the flux (pulsates whether polyphase or 
single-phase short circuit) and eddy-currents are induced m the 
spider, which in turn influence the rotor leakage. v 

As we look over the authors’ paper we note that they believe 
“saturation is not a very serious factor, and they have not 
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considered eddy currents in the spider. A\ r c are very much of 
f® a Pi n ic*n that such factors cannot be ignored if even reason¬ 
ably approximate accurate results are desired. 

Again, eddy-currents and saturation play their parts in 
estimating the attenuation factors—as both affect resistance and 
ductance. Owing to the fact that the saturation of the poles 

rWf^ eS rTwu l u ®. t0 Ruction in m. m. f. and flux, and 
“f!f°L e ( /l the distribution of leakage fluxes from pole to pole 

i a TT ng P° le -construction) which in turn 

affects the mterlmkages with the field winding, (thereby changing 

oementSfof t°h Sel /'f fuction of the field circuit); and (2) the 

maticalfv a t0t r al flUX , Whlch enters the stator is auto “ 

+ l3 ? as “ uch as edd y currents are in parallel 

SstaSi^.S 8 ’ u & - net m ' m ' f ' is eoncerned, the 

magneticanv^w 1 hh U thfl? C nf°+i 1 t ^fi lr i§ a ^^ lS a - re necessai % coupled 
“e seen toTii + - f ^ ^d circuit. It will, therefore, 

factors istSl nfoif^ 1C of the attenuation 

, , m &h impossible, and that these factors mav nni 

be constant, but change with time. Y 0t 

is™ ss‘x 

reactance by some fSr or farrora C f n this value of 

enable agreement with transient S determined from test so as to 

different magnitude for various types '^f maSinS 040 ^ 6 ^? ° f 
mmation of the field and 17 macilines - The deter- 

are probably not constants mf, a ^ te + nuat . ion factors which 

grams of short circuits and should, detennin od from oscillo- 

time. . S ’ and should be some function of the 

In regard to the measurement of snetoi-n^a 
planning to conduct some tests in il!f ^ reactance, we are 

(involving a condenser! and +oi n ^ Wltil meth od No. 7 

the magnitude of the fundaments? oscillograms to determine 
This method will not, we believe T 6 !!i ° f the harmonics. 
tion,_ especially not on large ma’nhf Smt t b e for S ener _al applica- 

obtaming large condensers 2 but we n h S one e< tf USe K° f difficulty in 
some constants for modifying 7 therel ?y to establish 
(say by circulating current in stator susta ined reactance 

we oan adopt as reliable figures ltb rotor rem °ved) which 

paper, anT wdsfto^thank th^mfor *2 \V “ the writer ’s 
previously noted this mistake ol + attention to it. I 

called it to the attention 6 of^thf r £o ” ^ ago, but have 
_ 1 believe the authors deserve a h institute members. 

•eat amount of work which th«. fi deal „ of cre dit for the 

■e work of 
the prob- 



1918] 


DISCUSSION AT ATLANTIC CITY 


1303 


V. Karapetoff: It seems to me that the terms reactance 
and inductance are used somewhat indiscriminately in this 
paper. After formula (3) in Part II. the authors say: “The 
effective field self-induction or field reactance.” Reactance is .a 
different concept from self-inductance, and in a paper which is 
intended for reference purposes it would seem rather unfortunate 
not to have these terms more definitely discriminated because one 
has to find out from the context whether the reactance or the 
inductance is meant. The same criticism applies to other 
places in the paper. 

I should like to see the next administration of the Institute 
make a strong effort towards improving the “readability” 
of the Institute papers. In a mathematical paper like the 
one under discussion a very careful list of symbols should be 
demanded of the author, and not left to the author’s discretion. 
It is true that in this particular paper partial lists of symbols 
are found in two places, but they do not include, by any means, 
all the symbols, nor do they show in which units these symbols 
are expressed. I think that this is an important matter, and 
should not be left to the discretion of the author, but should be 
made uniform by definite rules of the Editing Committee of the 
Institute 

Now, as to the method of computation of inductance.. A 
number of years ago our new honorary member, Mr. Oliver 
Heaviside, showed that inductance and magnetic permeance 
are almost identical concepts, that the inductance of a coil 
is equal to the permeance of the magnetic path, times the 
square of the number of turns. Since the number of turns 
is a numeric, the physical dimension of inductance is the same 


as that of magnetic permeance. . , 

The expression for a magnetic permeance is similar to tnat 
of the electrical conductance. The permeance _ of a uniform 
path is equal to the permeabilty of the medium times the cross- 
section of the path, and inversely as the length of the path, 
the path is not uniform a differential expression J 0 ? - P ei ^5? ai ?; c S 
must be properly integrated to cover the whole field What l 
am driving at is that computations of inductance should be per¬ 
formed in the same way as computations of the permeance or 
conductance of an irregular path, that is, by adding e P®* 
meances of the individual component paths. Most authors 
including these authors, compute inductances by taking ratios of 
magnetomotive forces to the fluxes. That is an unnecessa y 

Suppose you had an irregular resistance to figure out, you 
would not assume certain e. m. fs. and cunrents, and divide 
one by the other, you would use a formula for an eleme ^ 
resistance, and properly make a summation of such teims 
irregular shape. Why, then, is it necessary in a paper on in¬ 
ductance always to use the ratio of ampere-turns to fluxe ? 
If you will g lan ce at the formulas m the paper you will find every 
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where a ratio of flux to ampere-turns. Why not call this ratio 
the permeance, and deal with permeances entirely? This 
procedure has been followed consistently in the chapters on 
inductance in my book entitled ‘‘The Magnetic Circuit.” 

I notice from the list of references that the authors are 
more familiar with the English and German literature, and 
have apparently neglected the French contributions to the sub¬ 
ject. ^ While they give credit to Rezelman, through a transla¬ 
tion in The Electric / ia7i 1 his greater work on leakage reactance 
in alternators in La Lum-iere Electrique is not mentioned Also 
there is no reference to the latest contributions by Andre 
Blondel on the armature reaction in synchronous machines 
I believe the paper would gain if more use had been made of the 
work of the French and Belgian investigators on the subject. 

X do not wish to detract from the value of the work done by 
the authors and the remarkable frankness with which the results 
are 4 presented, including the test data. I fully appreciate the 
importance^of such a paper for practical designers and students, 
my only pica is for a better and clearer presentation of the 
subject. We are swamped with new reading matter, and yet a 
day still has only twenty-four hours, so that the skill in presen¬ 
tation almost determines the fate of a paper, that is, whether it 
will be used or not. If it is not properly presented so that it 
takes too long to get the meat out of it, many people will not 
take the trouble to refer to it. 

F. D. Newbury: Before we can harmonize various methods 
of calculating reactance, we must agree upon a method of deter¬ 
mining reactance by test ; we must define the Quantity we are 
attempting to calculate. 

In the alternator, there are two fluxes that are set up by the 
armature current and the difficulty and confusion in this matter 
arises from the difficulty in separating one of these fluxes from 

the other. One produces armature reaction and the other pro¬ 
duces armature reactance. 

When the alternator is operated at synchronous speed, on 
short circuit, and rated current circulates through the armature 
the value of field ampere turns is a measure of the m m f 
necessary to produce both of these fluxes. 

The flux of armature reaction is that part of the flux set up 
by the armature current that combines with the field winding 
flux to produce the effective or resultant exciting flux* the flux 
of armature reactance is that part of the armature flux that is 
more or less completely localized about the armature winding, 
and that, by its self-inducing effect, produces a voltage of self- 
induction m the armature winding that combines with the main 
induced voltage to produce the terminal voltage. Thus armature 
reaction may be conveniently treated as a flux phenomenon, 
as its action does not progress beyond the flux stage; following 
the same thought, the armature reactance may be considered 
as a voltage phenomenon. The effect of armature reaction 
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on the total m. m. f. required for a given voltage and current 
condition is the same at zero voltage, normal voltage, or any other 
terminal voltage *, the effect of armature reactance on the total 
xn. m. f.., on the contrary, varies considerably with the terminal 
voltage because it appears as a voltage and the m. m. f. to gen¬ 
erate a certain additional voltage at low terminal voltages is very 
much less than the m. m. f. required to generate the same addi¬ 
tional voltage at a high terminal voltage, because of magnetic 

This distinction is important because it leads to a fairly satis¬ 
factory method of separating these two parts of the armature 
flux. I refer to the graphical method based on the no-load 
saturation curve and saturation curve at zero-power factor 
and full-load current. This method, I believe, was first called 
to the attention of the Institute some fifteen years ago by Mr. 
B. A. Behrend. In my experience, it gives consistent results 
for a wide range of machines. It has the advantage that it is 
obtained by test under flux and voltage conditions very ne arly 
approaching those existing during normal operation. I his 
cannot be said when the separation is based entirely on the s h? r f~ ■ 
circuit current at zero terminal voltage which is the method 
used by the authors. The authors calculate the armature reac¬ 
tion, which is the larger of the two parts, and subtract it from 
a test value, representing the total armature flux. 1 is 
test method is in reality a calculated method, because an 
error of, say five percent in the calculation of the armature 
reaction flux, may result in an error of 20 to 40 per cent m the 
reactance voltage. The graphical method referred to above 
also involves a calculated correction but a given error m this 
has a much smaller effect on the result than does the same per¬ 
centage error in the calculated part in the authors method. 

Mr. Fechheimer referred, in his communication to various 
methods of obtaining the reactance by test. Each of these meth¬ 
ods involves different conditions, and no.two methods real y give 
the same quantity. The first difficulty in this problem, an e 
main difficulty, I feel, is that we have not agreed on a method 
of test for reactance. We have not agreed on the fundamental 
definition of the quantity we propose to calculate. J± we can 
take that step, I think it is a fairly easy matter to obtain meth¬ 
ods of calculating reactance . that will check with such 
results. It may not be possible to obtain a, 
such as the authors have tried to do, that will hold for all m - 
chines of all proportions, but it is not a difficult matter to ma 
up a more or less empirical formula for a given line of machines 

which will check with test results. 

As an example of results from the use of some of the me 
cited by Mr. Fechheimer, I give the test results of a 4500-kv-a., 
11,000-volts, single-phase, 25-cycles, 500 rev. per mm generator. 

Tests were made at 4500 lcv-a., single-phase, and at 7800 kv-a., 

three-phase: 
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At 

At 


4500-kv-a. 

7800-kv-a. 


1-phase. 

3-phase. 

From instantaneous short-circuit test, 

(by oscillograph). 

13% 

10% 

From no-load and zero power factor 

saturation curves. 

13 

11 

From locked saturation test (rotor 

at rest). 

15 

12.5 

From test without rotor in position 

21 

18 


This machine had a low resistance damper winding on the 
rotor. From the locked saturation test, that is, with the rotor 
at rest, the reactance is somewhat higher than during syn¬ 
chronous operation, but still quite close to it. This is reasonable, 
because although the rotor is at rest, the low resistance damper 
winding practically wipes out that part of the flux corresponding 
to armature reaction in synchronous operation, so that there is 
left practically the same flux that, in synchronous operation, is 
responsible for. armature reactance. The same agreement 
would not exist if the generator did not have the damper winding. 
A test without the rotor in position showed the reactance to be 
aboutJ50 per cent greater, or 21 per cent. This, again, is reason- 
abie^ because the entire flux set up by the armature winding 
is effective in producing reactance voltage. 

r ,The second part of the paper, referring to sudden short- 
circuit phenomena, is extremely important, in a practical way. 
Reactance of alternator windings is of interest, quantitatively, 
only to designers,, except as applied to sudden short-circuit 
conditions. In this matter, users generally are interested in 
the value of reactance since it largely determines the value of 
transient currents during short circuit. 

Idle authors. state that the total reactance effective during 

rpi d + en sh f°v C ?« mt is considerab !y greater than armature 
r ■ ance > this difference amounting in some cases to 50 per cent 

of the armature reactance. The authors’ method of obt ainin g 

■Jnerlb^ ^ act . ance fr ™ tests is so open to question that this 

l f n0t y a F anted - In my own experience the 

fX nn loTnn m ? g synchronous operation (obtained 

Afferent" \n ™W full ~!° a< 5 fturation curves) is not materially 

£ort circuh 1 T^ m J he t °h 1 reactance effective during sudden 

2e?dSh Th i d ° eS ^ mean that the two reactances 

during short’ n'rcui't^ ™f an . s tbat m the total reactance (effective 
iVf? sdort + ci rcuit) the increase m reactance due to the field 

Stion TsT? don? v S ° me ° tdieraction - What this complete 

circuit tests maJ* t know ' , The fact remains that in short- 

STin mtl ™ T g6 u erat0rS Trying from 4000 to 20,000 

and solid rotors W1 u e ra ? ge m speed, and with laminated 
and solid rotors, with and without damper windings, the tested 
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sustained armature reactance has practically the same value 
as the total reactance obtained from short-circuit oscillograms. 
Here again, the difference in test results and conclusions may be 
due to differences and errors in determining the true armature 
reactance and agreement can hardly be expected until this 
question of test method is settled. 

W. F. Dawson: Mr. Newbury raised the point of the dis¬ 
crepancies between the figures shown by Messrs. Doherty and 
Shirley in their method, and his own method, and I am moved 
to ask if he has considered fully the question of end coil support, 
the nature of the material that supports the end coil, particu¬ 
larly in turbo-alternators, and the material that clamps these 
coil’s? I know personally there is a slightly different method 
right within the General Electric Company’s works. The 
Schenectady engineers employ a different material for coil 
support, and rather more of it that I do myself, and I believe 
the Westinghouse support is different again, and the method 
of damping the coils is different. There certainly must be a 
difference in reactance, whether it is transient reactance or the 
steady reactance, that effects the excitation, due to these several 
different methods of support. I simply offer this as a sug¬ 
gestion which may explain the discrepancy. 

V. Karapetoff: f should like to ask the authors regarding 
Pig. 25a. The orthogonal rulings shown there indicate magnetic 
lines of force and equipotential surfaces. This ruling extends 
into the space occupied by the coils. As far as I am aware, 
the magnetic flux has no potential m the space occupied by 
the current, and I do not quite see how equipotential surfaces 
could consistently be continued into the space occupied by the 

coils* * 

In the simplest case of a circular conductor the magnetic 

lines of force are concentric circles surrounding the conductor, 
and the flux inside the conductor also consists of concentric 
circles. The equipotential surfaces outside the conductor are 
radial planes, but these planes do not extend inside the; condueto , 
because there the difference of magnetic potential between t 
points depends upon the path selected. I therefore feel 
it might be better to omit the orthogonal ruling °^ at least the 
equipotential lines, within the space occupied by the coils, 

so as to avoid a possible criticism on this point- met h 0 d 

Charles L. Fortescue: Is not the uncertainty of this metho 
due, as Mr. Newbury says, to its empirical nature? If we con¬ 
sider the dynamic equations of a system like this we fi 
we have a set of three or more linear differential equations ot 
the first order. The solution of such a system >f eqmitions 
depends upon another differential equation, .° f That 

or fourth order according to the number o q 'involve 

would mean that the actual transient g 1 tance 

three or more arbitrary constants “Stead cone :reactjmc 
three or four different reactances would enter into the transient 
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solution in a manner depending on the conditions of the initial 
short-circuit. It seems to me therefore that it would be very 
difficult, to express the results in terms of a single compound re¬ 
actance. We would find possibly that the value of the effective 
reactance would depend upon at what point on the voltage wave 
the short circuit took place and that the solution for other condi¬ 
tions, would require different values for the effective reactance, or, 
putting it another way, one would have to have a different effec¬ 
tive reactance for each short circuit. The problem is quite 
complicated, and as I said before, it is possible that the empirical 
nature of this reactance accounts for the fact that it does not 
check up under all conditions. 

H. R. Summerhayes: This question of reactance is exceed¬ 
ingly important, not only from the standpoint of the designing 
engineer to ascertain what the machine will do but for the engi¬ 
neer working on the system who wants to know what amount 
of energy is released when a short circuit occurs. His calcu¬ 
lations on the rupturing capacity of switches, the strength 
of transformers the installation of protective reactance and 
setting of relays all depend on the short-circuit values of the 
generator for different time intervals. In order to properly 
design the system we must know the characteristics of the 
generator and this work of the authors is a pains taking attempt 
to outline methods of obtaining these data. 

I hope that the paper will lead to a discussion among the engi¬ 
neers and manufacturing companies which will, if it does not 
bring to standardization all methods of calculation, at least 
cause them to come to some agreement on the nomenclature, 
so that, when the reactance of synchronous machines is discussed 
engineers will talk the same language and will know what kind 
of reactance is meant and what factors are included. This 
will go a long way toward the correct determination of the 
actual and comparative values for different machines. 

N. S. Diamant: In order to make the discussion of this 
paper as brief and as definite as possible let me start by making 
the following statements, even at the risk of seeming to be a little 
dogmatic: 

A. The writers do not in any way contradict or disprove 
any theoretical or experimental results given in my 1915 paper 
on sudden short circuits. 

B. ^ It is very gratifying that they corroborate a number 
of points brought out in the paper referred to and even those 
which they think they contradict. 

C- ^ The writers are laboring under the serious and entirely 
false impression that they lor the first time are calling attention 
to a fundamental fact which is the a, b, c, of sudden short 
circuits or of any transient phenomenon for that matter. It was 
dearly explained by Boucherot in 1911; it was referred to by 
Berg and experimentally illustrated in my paper. 

D. The writers are using in their paper, as published at pres- 
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ent, a terminology entirely different from that tmderSand 
and mine, and for some reason which I the 

they have failed to ascribe to the terms. f^^ ied first to 

proper or at least a possible meaning an ooints when 

believe that they disagree with me mcert m po : 
they actually do not, and secondly were led to the false impre 

smn stated under^C sever al valuable 

They give an expression for calculating , , react- 

reactance (2) An expression for calculating the leakage react 

ance of the field This so far as I am aware is new, although th 
anceot tne neia. iiuB , „ . derived and used by de- 

leakage of the. field in P er cent . - a ^pffiriV-nt 

sk: -jzsz xfs? asa ■ 

paper^tTwhidfifwouldbfJelUo adffSoucherot’s memoirs 
and Douglas’ paper) if properly studied and used 
shortened their paper considerably and made> it 
However, the mental attitude of the writers towwds^thejorx 

of others does not seem to be critic^ and h w hich 

if one is to judge from their statement _ A bibliog P 3 
may be of historical interest is included . b 

Now I shall proceed to prove the above statements, ^ by 

one.' I regret that with reference to C and D follows- 

introduce here some elementary text-book materi , 

Definitions of Four Kinds of fNDUCTANCES or ^J^nes 
A straight thin wire carrying ten amperes and h g ^ $ 
set up around it will have a self-inductance q 
abhenries. In case of a solenoid, etc. exactiy the sam^ ^ 
tion holds, except that the calculation 8 No 1 

complicated. (See Bulletin Bureau of Standards Vol 8 N^.i, 

where formulas and tables are given or Gerard and 

For experimental measurement of L see Law , of a 

other works on electrical measurements.) second coil 

single isolated coil or system as above we 

mutually inductively related to the first, we mtro defined in 

concept—that of the mutual inductance • ' wherej 

any text in physics or is 

$ 12c = flux per abampere (flowing in tie pinmary, ; _ 11Trib - r n f 

si “iSit: "lotion id 

measurement of M see references given for A. 

The above concepts of self- and mutual nhvsicist 

fundamental and absolutely MCKSuyboti ht th PJ 
and engmeer. However, the former seems to nnaui^c 
while the engineer is forced to introduce two more concepts 
nam ely that of “leakage inductance of primary, or s y 
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or of armature or of field etc. and that of “total leakage in¬ 
ductance reduced to” primary or to secondary or to armature, 
as the case may be. Let us denote these by a and X respectively. 
Then L = leakage inductance of coil No. 1 — n x $ 1 / where $u is 
the leakage flux of coil No. 1, i. e. the flux that interlinks with 
coil No. 1 only. Thus if = total flux set up by 10 amperes 
flowing through coil No. 1 = ($i 2 c + $iz ), we have, 

Li = n\ &i = self-inductance of coil No. 1 
ai = m $u = leakage inductance of coil No. 1 
M = n 2 $i 2c = mutual inductance of coil No. 1 
Similarly if we reverse the role of the two coils we get, 

Z/2 = n 2 $ 2 = self-inductance of coil No. 2 
a 2 ~ n 2 $21 = leakage inductance of coil No. 2 
M = n 2 $ 2 ic = mutual inductance of coil No. 2 
From the above it follows directly that, 

= ( la - a ,) (£ 2 - *2) 

and if we imagine the leakage of No. 2 to be zero and charge 
all the leakage to coil No. 1 we get 
M 2 = (I* - X0 L 2 


or Xi = 



total leakage inductance reduced to 


coil No. 1 . 

Similarly for X 2 . 

Simple Application of Above. Consider the case of a single 
coil or in general the case where the mutually inductive effect 
of coil No. 2 is nil. Then, if we impress an alternating e. m. f. 
of frequency f across coil No. 1 , h = current in coil No. 1 

= E 1 /Z 1 where Z x 2 = n 2 + 2 7 r f L x *. This of course refers to 
permanent conditions. Under transient conditions, with either 
alternating or direct current we will find that the rise or decay 
of current depends upon oc\ — attenuation factor of coil No 1 
= n/Li. 


* 7 \t^ ^ take the case where ikf dz 0 , i. e. there is a closed 

coil No. 2 , mutually inductively related to No. 1. If we impress 
the same e. m. f. as before, we shall find that I\ — current in 

coil No. 1 — E\/Z 1 whe re now Z ] 2 is equal to ( ri 2 + 2 tt f X 1 2 ) 

and not (r 1 2 + 2 tt f L x 2 ) and the latter may be 5 or 10 or 20 
times as large as the^former. Furthermore a x == attenuation 
factor of coil No. 1 - r x /Xi and not r x /L x as before. Thus 
as we all know, from our study of a choke coil and transformer, 
makes all the difference m the world whether there is a second¬ 
ary coil affecting the primary coil or not. At this point let 
me call attention to: First, that the matter is simplified like 

thfli' thrviiaii negligible; and secondly, 

that though I have used the general terms coil No. 1 and No. 2 

fie?H a w e Q ^ pl 7 t0 any f ystei F be {t primary and secondary or 
held and armature or rotor and stator, etc. * 

todo^r^! ] the - ab0Ve termin °l°gy and I propose 

to do the same m this discussion, and for sake of consistency 
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in quoting from Doherty’s and Shirley’s paper I shall call the 
leakage inductance , leakage inductance and not self-inductance. 
It is true that with our typical engineering looseness and crude 
superficiality some authors use the two terms as synonymous, 
just like the writers do; but I find it extremely difficult to 
explain or understand why the writers failed or refused to 
ascribe to the term self-inductance, as is used in my paper, its 
usual meaning of self-inductance, at least as a possible interpre¬ 
tation. Instead no matter how clearly I expressed myself they 
have taken self-inductance to mean leakage inductance, or 
something akin to it. 

With reference to the reactance which affects sudden short 


circuits, they state that “the authors will show that this re¬ 
actance includes the field leakage inductance (writers use term, 
self-induction) as well as that of the armature.” Unfortunately 
for the authors this has been shown by Boucherot in 1911, 
who discussed the matter, in a very much more thorough and 
masterly way than the authors have done. It may be well 
to call attention here to the fact that my discussion of L, a, M 
and X is not quite as thorough as Boucherot’s who gives seven 
and one-half pages to this question, from a purely theoretical 
point of view. Those interested further on this may consult 
his memoir. However, even if the writers did not consult 
Boucherot, it is difficult to understand why they overlooked the 
following statements in my paper in 1915 Trans., page 2244: 

. . Xf is not the self-inductive reactance of the field 

spools but the total leakage reactance of the field and armature. 
Similarly a a is a complicated quantity . y. • The complex 
nature of these quantities has been recognized ^ by several in¬ 
vestigators such as Miles Walker, and Berg who without attempt¬ 
ing to define them rigorously (from a mathematical point of view 
as Boucherot has done) has called them the equivalent resistance 
and reactance. . . Others, however, have apparently failed 

to understand the real meaning of these and have attempted 
either to simplify them too much . . . or complicate them 

unnecessarily. . Following these remarks I described ex¬ 

perimental methods of determining <x a and otf from t e rise o 
direct current in the armature and field respectively. s owe 
that the attenuation factor a s obtained with the secondary or 
armature opemcircuited and at rest is quite different 
attenuation obtained with the armature dead s or " s 
circuited and the machine running at full speed. I went a step 
further and showed that a f obtained from the rise o 
current in the field with the armature running at full speed and 
short-cricuited through a high resistance is_ practically the same 
as a f obtained with the armature open-circuited and at rest. 
Thus I illustrated fully the effect of mutual inductance which 
may be negligible even with the secondary closed Now it is 
clear that in the 1st and 3rd cases, above a f - r,/Lj, while 
in the 2nd case a, = r,/ X/. I called attention to these facts 

at the top and bottom of page 2246 Trans, lylo. 
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To quote from page 2246 this is what I said: in this case we 
have “the important difference that x/ is no longer the true 
self-inductive reactance _ but the total leakage reactance re¬ 
duced to the field circuit” I fail to see how one could have 
expressed the facts more clearly. Again on page 2247 it is 
stated that “for this particular machine, . . . the ratio of 

the self inductive reactance to the total leakage reactance 
reduced to the field is about three.” Immediately following 

this, I state that ordinary methods of calculating x f from 
equation (14): 


N f * f 
If io - 1 


abhenry, or more accurately 


iV/ 

JJlQ-i (* + P er cent leakage of poles) 


(14) 


utterly fail to give correct results’ ’ since “it is the attenuation 
factor involving the leakage reactance that enters the problem.” 
All the above quotations occur within four pages of each other. 
However m spite of all this, the writers give the foregoing 
equation and triumphantly state that in the field attenuation 
ac or, e inductance^ is not as Diamant gives the exciting 
inductance of the machine . . . but rather <$> x N* / 7i 10 _1 

nmdi^P i- 1S +l he i flt i X ’ llnkl *£ th ? field winding, which I f would 
ln lea] fage paths of both field and armature.” It 

7 eU f ° r he ^ ri , ters , t0 com P are this and other long 

their W h C ^- t ^ ey USe See ^ or exam ple (6) in 

Jw SS t f ^i° n ^ U f? ns ’ etc -~to the standard brief and 

N '' 10 “ ’ inductance 

not In agreement with conception given in Sia^rt p^r 

the authors reaVh^^VV 8 Clear t ? 1 an T one h Y this time that 
at least I agree mitt, dls f^ ree ^th any of my conceptions— 
they £e no? nr a T? ^ ! al ? hoi ?f h 1 a “ inclined to think that 

their Ideas or usWthf' 1 scientl 5 c enou S h either in expressing 
uieir iaeas or using the proper terms. I shall take un these 

mTstatements te The Ut ^ me illustrate tmth of 

Sef S e t ££ c J S£FJkL tb * d \T 

equli q to°the fr0m Pap f that the alte ^ a ting comp^nJnt 

SpedaScl“SZS Phase V0lta ? e divid «d by the^ar^atuS 

Now J - fail t0 see 

we frame a more or £?i«?e a ?^ ? nglneering Problems 
on it; but S oractief, t i f 17 and bas ? our c o a eeptions 
to make approximation^ aS th tl0nS are m Y aria bly forced 
can make good approximations 6 g Th d englneer ls the °ne who 
not necessarily affe?t my conceptions^ ^ approxtmaUons do 
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However, if we go a step further we shall find the extremely 
gratifying fact that the writers are entirely in agreement with 
my “good approximation” which I found to be true for 1 or 2 
machines and theoretically sound; while, they have found them 
to be true from extensive tests on a great many machines. 
Within one-half page from where they say that they do not agree 
with me, they state that in case of machines with solid steel 
rotors or alternators equipped with low resistance amortisseur 
windings “the armature leakage inductance is a reasonably 
accurate measure of the sudden short-circuit current. ’ 5 Further¬ 
more they not only thus corroborate my approximation but 
“propose its use for at least the present.” See also (b) and 
(c) page 1281. In connection with this the writers deserve 
credit for determing that this approximation is allowable for 
machines with low resistance amortisseur windings only, as 
was the case with the machine I used, as stated in my paper. 

In 1915 I called attention to the fact that single-phase sudden 
short circuits are quite complicated and that in case of a short 
circuit between neutral and line the armature current, for a 
given set of conditions, is about 140 or 150 per cent higher than 
in case of three-phase or line to line short circuit. Further 
I urged care in such cases and state clearly whether by single¬ 
phase short circuit reference is made to a short circuit between 

line and line, or line and neutral. 

It is very gratifying that from extensive tests the writers 
corroborate both of my results, namely, that for a given set of 
conditions, three-phase or line to line short circuits give about 
the same rush of current; but short circuit between line and 
neutral is more serious. They offer an explanation for the latter 
on the basis that with three-phase currents flowing in the arma¬ 
ture the leakage inductance is increased 50 per cent on account 
of the mutual inductance between phases. (See their paper 
bottom page 1262 and top of 1263.) Reprints of the paper were 
available so late that I have been unable to check this explana¬ 
tion. However, I would ask the authors to explain on the same 
basis why there seems to be practically no difference between a 
three-phase and line to line sudden short circuit. 

I called attention in 1915 to the fact that oif, when determined, 
either directly from oscillographic records according to methods 
developed on pages 2260-2264 or when obtained experimentally 
from the rise of direct current in the field with the armature 
dead short-circuited and running at full speed, comes out larger 
for the first cycle or so of the transient than for subsequent ones. 
I gave an explanation of this on page 2262 and it is gratifying 
that the writers not only corroborate this fact but agree with me 
that until we know more about the subject it is well to use the 

lower and safer value. . - 

On page 1255 they state that “it may not have been so clear 

how and to what extent the field leakage inductance affec s e 
short-circuit current.” As I have already shown the writers 
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are simply laboring under the wrong impression, in making a 
statement like this and I regret to say that their attempt, to 
show that the quantity to be used is the total leakage inductance 
reduced either, to field or armature is rather crude and superficial 
compared to the explanation of Boucherot. They devote 
several pages to this (pages 1251 to 1259) and therefore I may 
be justified in calling attention to the following. On page 1251 
they give the important law that “an electric circuit, without 
resistance, must so long as it is closed contain the same number 
of magnetic interlinkages. Now it is really unnecessary to 
make the ideal assumption of a circuit without resistance.” 
Let me state the law, which as they say is very important, in 
a clear general way as follows. Let the flux in the field, or any 
electric circuit in general, change from to $2 durinv the 
transient interval*; then the e. m. f. induced by this change 


will 


be 



This transient e. m. f. will produce a quantity 


of electricity Q= iXt where i is a decaying direct current. 
As I pointed out m a recent article in the Electrical World this 
is a well known fundamental law used sometimes in electrical 
measurements (see Electrical World , May 18, 1918 page 1030 
foot note 15). Let us.apply this principle to the alternator.’ 
During sudden short circuit the flux in the field dies down from 

This produces a decaying direct current in the field 
which m turn produces the decaying alternating component 
of the armature current. Again if for any given armature 
phase there be a change of Lx from *. to I... ; thSTm 
produce a decaying direct current in the armature etc. 

, r or further details the reader may consult Boucherot or 
. 1^15 paper of mine referred to by the writers or the recent 
articles m the Electrical World of May 18 and June 1. Before 
eavmg this subject which has been well thrashed out in the 

a iT 0V i^i r ^ erences ^ me ca ^ atten li° n to the fact that the writers 
should be careful not to confuse the explanation of sudden 
snort circuits based on the flux per phase or m. m. f. per phase 
an another possible explanation based on the total polyphase 
: ux . or m .* m - f- of the armature circuit. The latter explanation 
is given m a short article, illustrated by oscillograms, in the 

Electncal World, Dec. 29, 1917, page 1251 and it is not necessary 
to go into it here. 

Another point that I must mention in this connection is this. 
Ihe statement of the writers on page 1275 that “the alternating 
component, . . . depends upon the flux per pole, . . . ” 
is entirely wrong. So is the next statement, that the “direct 
component depends upon the flux linked with the armature 
circuit. As I have just explained, and as required by the 
mndamental law given on page 1251 by the writers, and which 
1 have endeavored to generalize, the alternating and direct 
components depend upon the difference between normal and 
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sustained short-circuit fluxes (#/-*/«.) and (*, -■ *•»«)' 
uoon the flux per pole or the armature circuit as the writers 

state. This is a very fundamental point and there is little use 
for the writers to take several pages to explain things m a crude 
fashion, compared to Boucherot s explana ion or ” back 

by me in the references already mentioned, an ^ c t h en ““ e b ^ 
and state that the direct compornent depends u P° n ^ 

linked with the armature circuit. No, first it depends not 
upon the flux but the difference m flux at the :instant ofkthe 
sudden short circuit and at the end of same; 

upon the difference in flux at the start and end of sudden short 
circuit linking with the phase we are considering and not linking 

with the armature circuit. , . .. flt th „ 

Furthermore it seems to me that their statement that 
direct component depends upon the terminal voitage s wrong. 

I think, it should be internal voltage due to the resultant • 
There are other points in connection with appendix A a 
factor K4>, etc., that I would like to discuss, but as I have taken 
enough time I shall leave those to others. _ However, as I am 
anxious to see some good come out of this discussion, I will make 

the following definite proposals. . , 

(1) That the qualifying adjectives sudden ^ sustained or 

permanent, etc., be used to qualify the kmd of short circuit imp 

whenever there is room for ambiguity. Otherwise the sho 

teimshortc leakage inductance and leakage reactance 

be exclusively used in referring to these quantities. 

(3) That the term self-inductance or self-inductive reactanc 
never be used to mean leakage inductance or lea age reac a.nc . 
This is unscientific and impractical, since no term is left to be use 
to refer to “self-induction.” Furthermore the word leakage is 
50 per cent shorter than self-inductive and te s u 

St °(4) The term self -inductance be reserved to refer to what is 

sometimes called coefficient of self-induction. This is t e 

term used consistently by physicists, writers on electrical measure 

(5) In conformity with, transfoimer practise the sum oil g 
reactances of two systems, be referred to total leakage inductance 
reduced to primary, or armature etc, as the case may be. 

(6) If desired, the term inductance or reactance be referred to 

any of the above when there is no danger of ambiguity. 

(7) According to the above it is the only common sense an 
practical scientific procedure not to introduce any terms like 
“transient reactance,” “exciting reactance etc. The ot tne 
author’s is simply the leakage reactance of the armature,^ t 
quantity that one would use in calculating regulation etc._ x & is 
simp ly the leakage reactance of the field. x P f (see _ equation ( ) 
page 1259) is simply the leakage reactance of the field reduced 
the armature, and it is extremely interesting to note the way the 
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writers express this on page 1259.. They say, “the effective field 
self-induction or field reactance, x p f, expressed as per cent reactance 
in the same terms as the per cent armature self-inductive re¬ 
actance.” Why not say x p f is the “leakage reactance of the field 
reduced to the armature?” This is very much more simple and 
familiar, since we have the same thing in connection with the 
transformer. The writers, however, do not stop here, they take 
the sum of the leakage reactance of the armature and leakage 
reactance of the field= x pa + x p f — xo and they give to this a 
new impressive, misleading name of “transient reactance.” I 
say misleading because I wonder how many engineers suspected 
that this wonderful “transient reactance” is nothing but the 
“total leakage reactance reduced to the armature.” 

It is well to note here that the writers in introducing this short 
term did not even attempt to explain its real meaning or give any 
reasons for introducing such a term. I am afraid they are thus 
preparing the ground for further unnecessary complications and 
misunderstandings; these are very common and annoying in 
practise and there are cases in which they cost quite a good deal of 
money and trouble. The point I wish to make is that the loose 
unscientific terminology of the writers or any engineer is not an 
academic question but an extremely practical one. 

Thus why not call xo, the total leakage reactance reduced to 
armature—because that is what it is. The length of the term 
will not cause half as much trouble as misunderstandings in dis¬ 
cussions, letters, contracts and specifications etc., etc. Further¬ 
more if it is necessary to have a short term why not call it “equiva¬ 
lent reactance” this I believe is used in transformer practise in 
referring to (x pr imary + Oi 2 x &ec .) and we ought to try and keep 
our electrical engineering theory, practise, terminology etc. as a 
single unit rather than narrow so much that those who specialize 
in alternators, transformers, electrical measurements etc. etc. 
should develop theories and terminologies without due regard to 
the needs of their fellow workers. Personally I care very little 
what the outcome of the above may be, but I am inclined to think 
that it is to the best interests of the profession to standardize 
things in some such way as given above and not introduce any 
unnecessary weird sounding impressive terms.- 

In conclusion I would like to ask the opinion of the authors as 
to the results of a paper which was presented at the Pittsburgh 
meeting of the A. I. E. E. by Douglas. This paper, represented 
what seemed, to be fairly exhaustive work carried on at Cornell 
on the question of reluctance and leakage reactance of machines. 
It gave flux distribution figures similar to 24a, 24b, etc. and checked 
these experimentally. It stated clearly that present day formulas 
for calculation of field leakage, etc. are very inaccurate. I hope 
this paper was of more than “historical interest” and I am inter¬ 
ested to know what the writers think about it. 

C. M. Laffoon (communicated after adjournment): Additional 
refinements in the methods of calculating the reactance of syn- 
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chronous machines, as suggested by the authors, are important on 
account of the inherent relation of the reactance to the still un¬ 
settled auestions of field excitation, voltage regulation, and gen¬ 
erator protection under short-circuit conditions. Before such 
refinements, however, can be applied, and the results generally 
accepted without serious confusion, the following two fundamental 
conditions should be universally agreed upon and adopted; 

(a) A concise interpretation of what is meant by, and included 
in the term armature reactance under different stable and trans- 

lent conditions , and, ^ 

fb) A standardized reliable test method for checking the cal¬ 
culated values of armature reactance and the determination of 

constants of reactance formulas. 

In extending the refinements to the calculation of the reactance 
of oolyphase synchronous machines, the authors are justified m 
raisins the question whether or not a portion of the armature 
reactance flux of each phase interlinks part of the. conductors of 
the other phases. Obviously, this is true to a limited extent, 
with regard to the end connections, in which the reactance is pro¬ 
duced by the total flux interlinking this part of the winding; but 
for the leakage flux, which crosses the slots and leaves the tooth - 
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tips it is not so apparent that there is mutual reactance effect 
between the different phases. On polyphase synchronous machines 
the magnitude of the mutual inductance effect, if any exists, of the 
different leakage reactance fluxes, can be determined analytically 
only by actually laying out the flux diagrams produced by all ot 
the electric circuits acting simultaneously (taking into considera¬ 
tion the difference in permeability and the damping currents in 
the iron portions of the magnetic circuit) and combining t e 
different fluxes in the proper space relations at different instants 
of time. This is an extremely difficult task to accomplish on 
account of the varying saturation in the iron, and irregularity or 
indefiniteness of the flux paths. At best it can only be very 
roughly approximated, even when wide sweeping simplifying 
assumptions are made. Since the authors apparently have not 
followed this procedure in arriving at their conclusions, the writer 
feels that they have neither established nor justified their major 
premise that the leakage reactance in three-phase synchronous 
machines is increased approximately 50 per cent, due to a mutual 
leakage inductance effect, while in two-phase machines it is 

ne eligible. 

If the slot leakage flux is assumed, to act independent of other 
flux interlinking the coils, it is evident from Fig. 2 that the flux 
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produced by the current in a given phase belt will not cross the 
slots of the other phases from a to c> c i, etc., unless there is an 
appreciable m. m. f. drop from a to b. Then, on the basis of the 
usual assumptions, wherein the saturation of the teeth is totally 
neglected, there would be no m. m. f. drop from a to b , and hence 
no flux from a to c , c h etc. But in actuality there must be more 
or less of an m. m. f. drop from a to b } due to the other flux, which 
is present, and hence some mutual inductive effect must exist. 
However, the increase in slot reactance, due to this effect, would 
in all probability be more than compensated for by considering the 
total m. m. f. of each phase belt acting across its own slots. 

The extent to which the tooth-tip leakage flux produces a mutual 
inductance effect upon the adjacent phases depends upon the 
path that it is constrained to take. If the leakage paths were 
confined to an air circuit, the density of the tooth-tip leakage flux 
would diminish very rapidly, (assuming as before that this flux 
is free to act independent of all other fluxes) as the distance from 
the magnetic center of the phase group around the armature per¬ 



iphery increases, and consequently the mutual leakage flux would 
be small, if not inappreciable. However, when iron is in the pres¬ 
ence of-the teeth, the path of the tooth-tip flux is dependent on the 
action of the damping currents in the iron. It is the writer’s 
opinion that the authors have idealized the laminated salient-pole 
rotor, and have not given sufficient consideration to the damping 
action of the eddy currents which unquestionably circulate in the 
lamination of the pole faces, rivets, bolts, etc. The cross-section 
of the tooth-tip flux path must be more or less restricted and con¬ 
fined to the air gap on account of the damping action of these 
currents. This in turn tends to minimize the mutual effect of 
this part of the leakage flux. The authors have not made it 
clear in their presentation how the armature current can force 
leakage flux across the air gap from the pole face to the teeth of 
other phases when the same m. m. f. has been used on the same 
path as a counter m. m. f. to the field m. m. f. 

In the case of the end connections, where there is no question 
concerning the existence of a mutual inductance effect, the flux 
density diagram produced by each phase will be as in Fig. 3. if 
the following radical simplifying assumptions are made. 
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(a) The adjacent iron parts of the machine do not affect the 
flux interlinking the end connections; 

(b) The end connections are rectangular in shape and very 

long; 

(c) The machine has only one slot per phase per pole; and 

(d) The equivalent conductors are circular in section. 

Under these conditions, it can readily be shown, by combining 

the respective flux forms, that the mutual inductance effect could 
at the outset amount to only a few per cent. Moreover, in actual 
machines the percentage of mutual inductance effect will be still 
further reduced on account of the fact that in most machines with 
V-shaped end connections, half of the end connectors of each phase 
are at approximately right angles to one-half of the end connectors 
of the other phases, and the mutual flux interlinking the end turns 
is thereby very appreciably reduced. 

At all events, it is certainly evident from the above that the 
space distribution of the leakage flux of each phase is not sinusoidal 
and, consequently, in three-phase machines there is not a simple 
rotating field of leakage flux, as in the case of the work flux of an 
induction motor, and the mutual inductance effect in no wise 
amounts to 50 per cent. These conclusions are practically con¬ 
firmed by test results, when single-phase and polyphase currents 
are circulated in the stator with the rotor in and removed, as 

indicated in Mr. Newbury’s discussion. 

The argument, advanced by the authors, that the mutual 
inductance effect must be 50 per cent because certain formulas 
which gave good results on three-phase machines gave^ results 
approximately 50 per cent too high on two-phase machines is 
not necessarily conclusive, for the fault might have rested else¬ 
where in the formula. The writer has used certain formulas & 
did not consider any mutual leakage inductance effect, but wmc 
checked test values of reactance equally well on both two ana 


three-phase machines. . ^ 

Even if it is assumed that the damping currents are negligible, 

and the leakage flux is free to enter or leave the pole face, the 
authors’ method of calculating the tooth-tip leakage flux is 
not fundamentally sound, for it assumes that all of the toot p 
flux passes from teeth to pole face, independent o ®- , 

the slot width to the air-gap radial length. It is evident that 
if the slot is wide, compared to the air gap, as 

most of the tooth-tip leakage flux wouid cross the gap_ and then 
return to the next tooth. However, if the slo , i 

compared to air-gap width, as shown in Fig. 4b, the “ost of 
the tooth-tip leakage flux will not enter the pole face at • 
Since in actual machines the ratio of slot width to air gap 
varies through fairly.wide limits, the method of calculating toot 

tip leakage must consider the total flux that l ea y® s . , 

That i s, it should include the flux that crosses the equipotential 

♦This argument applies particularly to machines which have few slots 


per pole per phase. 
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section ab-bc (Fig. 5). The part of the flux that enters ab can be 
found by using Carter’s pole fringing constant for different ratios 
of slot width to air gap; the part that crosses be is more difficult 
to determine. In determining this flux, the author has appar¬ 
ently used Carter’s coefficient for slots and vent ducts, which 
is based on the assumption that the tips of the teeth are at the 
same magnetic potential and that there is no tendency for the 
flux.to pass from tooth to tooth. This is evidently incorrect, 
for if does not include the flux crossing section be. Table I 
shows the values of reactance as calculated by the authors’ 
formula, and the formulas used by the writer for machines with 



Fig. 4a Fig. 4b 

different ratios of slot width to air gap. These results indicate 
that in the case of machines having small gap and wide slots, 
the calculated values of reactance obtained by the two formulas 
are in reasonably close agreement, but as the ratio of slot width 
to air gap decreases, and a smaller percentage of the tooth-tip 
flux crosses the gap to the pole face, the calculated values of 
reactance by the two formulas diverge very rapidly. 

In.this connection, the writer also questions the advisability 
of using, curves which are based on the ratio of the maximum to 
the minimum air gap, to determine constants for the tooth-tip 
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leakage formula. In the first place, such curves could only be 
applicable to machines having a given pole-face shape, for the 
maximum and minimum gaps, have little or no relation to the 
variation of the air gap in the intervening space. In the second 
place, the maximum gap is not a definite quantity and is subject 
to considerable variation in interpretation as to where it should 
be measured. At least, this was the writer’s experience in at¬ 
tempting to calculate the reactances of several machines by the 
authors’ formulas. The most natural and logical place to 
measure the maximum air gap would be along the path that the 
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no-load flux is assumed to take. It is true that in laying out 
the no-load flux form, it does not make a great deal of difference 
how the lines are assumed to pass, so long as a consistent policy 
is followed. But in the determination of the authors’ constants, 
it makes an appreciable difference, for a small per cent increase 
in the maximum air gap may mean quite a large variation in the 
ratio of maximum to minimum gap. 

Much of the confusion and difference of opinion concerning 
the reactance of synchronous machines is due, as has been pre¬ 
viously suggested, to the fact that there is no standard and 
accepted method for determining it experimentally. The test 
method used by the author is in reality a calculated method, 
and, as such, is subject to serious limitations, for the armature 
reaction forms the major portion of the measured field ampere- 
turns, and a small percentage error in its calculation causes a 
large percentage error in the test value of the. reactance. 

In the writer’s opinion, the most satisfactory experimental 
method, at present, of determining the reactance is from the 
no-load saturation and full-load, zero power factor saturation 
test curves, used in connection with the calculated curve, which 
shows the increase of ampere turns on the no-load saturation 
curve due to the full-load leakage. This method also more 
nearly approaches the actual load conditions than any of the 
others. It is true that it is subject to limitations in that (a) 
the increase due to full-load leakage curve is calculated and 
subject to error, and (b) the reactance is probably not constant 
for all points on tlio saturation curve. Tnc latter is not te t 
to be a serious disturbing limitation, for it is probably of the same 
order of magnitude as the errors in ordinary commercial tests. 
Granting the same degree of accuracy in the calculated terms 
by the two methods, the error in the test reactance obtained 
from the above method would be considerably less than, that 
obtained by the method used by the authors, (as has been pointed 
out in Mr. Newbury’s discussion). However, m most cases 
of salient-pole machines, in which, the saturation of the pole 
core and yoke is not carried too.high and the percentage e 
leakage flux is not too large, the increase m the^no-load satura- 
tion curve, due to full-load leakage, can be calculated wuu 
reasonable degree of accuracy. However, the method of obtain¬ 
ing it is apt to be rather long and tedious, and require painstak¬ 
ing effort The accuracy of the ca J; culat ^iaT^nYfSnoId^ro 
to a certain extent by checking the no-load and full 

nower factor saturation test curves by the same method. 

P 7n columns 5, 6, and 7 o£ Table I rn-e tabriaM the 
l-partance as obtained by the authors formula, the formula used 
hv the writer and by the above mentioned experimental method 
for a number of two and three-phase laminated salient-pole 

machines of egrite a 

the°reJute otoinod by the method used by the writer 
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and the test method for both two and three-phase machines, 
whereas, as was previously stated, the values obtained by the 
authors’ method check the test results reasonably close for 
machines which have a large ratio of slot width to air gap, but 
for machines with a small ratio of slot width to air gap, it gives 
results from 30 to 50 per cent too low. 

It is becoming more generally recognized by different engineers 
that the maximum value of the initial current.delivered by an 
a-c. generator under short circuit is limited by a reactance more 
complex than the armature reactance under normal balanced 
load conditions. For, under short-circuit conditions, the arma¬ 
ture reaction pulsates in magnitude, and shifts in position with 
respect to the field poles, and alternating currents are induced 


TABLE I. 


Machine 

Kv-a. 

Phase 

Slot /Air 
width/ gap 

Per cent reactance 

Test 

fD. & S. 

XL 

1 

500 

3 

4.94 

20.6 

22.7 

23.1 

2 

175 

2 

4.67 

Cl 

* ' 

21.5 

22.75 

3 

1132 

2 

3.56 


18.5 

19.0 

*4 

1250 

3 

3.4 

9.6 

10.9 


5 

875 

3 

2.78 

13.6 

16.7 

16.5 

*6 

700 

3 

2.4 

13.6 

22.85 


7 

600 

3 

2.34 

10.2 

13.2 


8 

1132 

2 

1.92 

* , 

15.0 

14.1 

9 

1132 

2 

1.92 


17.7 

18.1 

10 

1250 

3 

1.62 

11.7 

15.7 


11 

3750 

3 

1.6 

9.36 

13.63 

13.25 

*12 

560 

3 

1.067 

17.6 

26.0 


13 

12500 

3 

0.94 

13.2 

20.2 

19.3 


*The design data on machines No. 4, 6 & 12 were submitted to writer by Messrs. 
Doherty & Shirley. 

tThe values of reactance in column 5 were obtained by Doherty & Shirley formula. 

JThe values of reactance in column 6 were obtained by formula used by writer. 

in the rotor and field circuits. The magnetic leakage of these 
circuits, consequently, produces a self-induction which must 
(after multiplying by the proper ratio of transformation) be 
added to the aranature self-induction in order to give the short- 
circuit or transient reactance, just as in a transformer. 

The authors, in treating this problem, apparently have assumed 
that the armature component of the transient reactance is the 
same as the armature reactance under normal load conditions, 
and have derived their reactance formula to meet this condition. 
It would be more logical to consider the armature reactance under 
stable and transient conditions as different phenomena, and 
treat each case separately. 

It has been the writer’s experience that the calculated value 
of the armature reactance does not happen to differ widely from 
the value of the transient reactance determined from short- 










1918] 


DISCUSSION AT ATLANTIC CITY 


1323 


circuit oscillograms. Table II shows the calculated value of the 
armature reactance and the transient reactance as determined 
from oscillographic records for several different types of syn¬ 
chronous machines. There does not seem to be any very definite 
relation between the stator reactance under load and the transient 
reactance for different classes of machines, and it is our opinion 
that it is more or less of a coincidence. However, the coinci¬ 
dence can be partially explained on the basis as suggested above, 
that the armature reactance under short circuit is not the same 
as under load; that is, the value of the armature reactance under 
short circuit is decreased by an amount approximately equal 
to the added equivalent field reactance. This reduction of. the 
armature reactance may be due to (a) the saturation of the iron 
part of the magnetic circuit of the leakage paths, and (b) the 


TABLE II. 


No. 


1 

2 

3 

4 

5 

6 
7 
S 
9 

10 


Machine. 


Turbo-Alt. 


a 

M 


a 

a 


Syn. Cond. 

II « 

Alt. Gen. 

« a 

Syn. Cond. 


Kv-a. 


15800 

a 

1.5000 

20000 

15000 

4500 

a 

12500 

U 

15000 


Phase. 

Number 

phases 

short- 

circuited. 

Ohms reactance 

Calculated. 
Syn. opera¬ 
tion. 

From osc. 
trans. con¬ 
ditions. 

3 

1 

1.622 

1.572 

U 

3 

1.622 

1.695 

U 

tt 

1.09 

1.11 

u 

1 

1.96 

1.87 

u 

3 

1.82 

1.61 

a 

it 

3.84 

3.87 

u 

1 

3.28 

3.95 

it 

3 

1.22 

1.25 

t< 

it 

1.22 

1.28 

u 

U 

1.066 

1.064 


are 


Note: Machines 1 to 5, inclusive, are of solid cylindrical rotor 
of the laminated salient pole type; 6 7 & 10 are equipped with damping windings. 


reduction in cross-section of the leakage flux P*thss by the damp 
ing currents in the field poles and adjacent won parts lh 
writer is also of the opinion that this damping action is not con 
fined to solid types of rotors, but 

in laminated salient-pole machines. However definite qua 

tative conclusions, regarding the effect of, short¬ 

damping currents on the armature reactance under sho 

circuit conditions, cannot be given until more complete exper 
menta^ date are avadablere , g & ^ characteri zing feature of 

all tin's discussion it is disagreement. The authors naturally 
all this discussioi, on a subject of this nature, and of 

expected much disagreement on 3 They were disap- 

course were not disappointed on that score J f 

pointed, however, at the nature of the cnticism ™esom _ 
it contains constructive suggestions, much Of it is purely a 
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tive. It says the method, and therefore the calculated result, is 
wrong; yet it'does not show how to make it right, nor does it 
give adequate reasons for saying the-method is wrong. For 
instance, Messrs. Newbury, Fechheimer and Laffoon, who, as 
designers, are in possession of data from which to form opinion, 
apparently all agree that the method of calculation is funda¬ 
mentally wrong because they believe serious factors are omitted; 
that even if it were correct, the method employed to arrive at the 
test” value is wrong, because, they believe armature reaction 
can not be calculated with sufficient accuracy: and therefore 
agreement of ‘‘test” and calculated results could not be of much 
significance. But not a word is said about the theoretical 
soundness of the method, given in Appendix B of the paper, for 
more accurate calculation of armature reaction, taking into 
account the influence of harmonics in the flux wave. This 
influence has always been the cause of the greatest uncertainty 
regarding armature reaction calculations. Neither do they show 
any way of including the factors which they believe we have 
omitted. They are therefore urged by the weight of that 
acknowledgment to suggest, in the way of an alternative, the old 
friend the expedient of having different formulas and different 
empirical constants for different lines of machines. That is 
they are apparently agreed that this thing which we are trying 
to do pan not be done. Mr. Fortescue subscribes heartily to 
that viewpoint, giving reasons in mathematical terms which to 
those even moderately versed in mathematics, can not possibly 
have much significance, and which to others seem to be evidence 
of a more thorough knowledge of mathematics than of alternators, 
inasmuch as he fails to consider that “in a system like this” the 
integration constants for his different differential equations may 
turn out to be the same constants for all, and that he may as 
well have had one equation. This is not the first instance 
where a voice has been raised that “it can not be done”, when at 
that very moment it was being done. It may not be possible to 
obtain a single reactance formula, which can be depended upon 
in practical application to synchronous machines of all ranges in 
speed, voltage and capacity now being manufactured, but as 
evidence that it might be possible, we submit the fact that one 
of the large manufacturing companies has actually used such a 
formula^for about two years, and the predictions based on those 
calculations have proved to be dependable. And that formula 
is the one given in the paper. 

That sums up in a general way the larger and more serious 
objections to the paper. There are, of course, several others 
which, although not of a nature to determine whether the results 
of the paper shall stand or fall, are yet very important. These 
as well as the individual points included in the discussion referred 
to above, will now be taken up in order. 

Prof. Karapet off offers a number of criticisms. First, he 
contends that , field self induction” and “field reactance” are 
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different concepts, and therefore the authors can not properly 
say “field self-induction or field reactance.” If he had read the 
next line of the same sentence he would have seen that these 
terms are expressed as a ratio, i. e ., percentage, and therefore are 
numerically identical. This result is what the sentence which 
he criticizes, refers to. 

He believes next that the Institute should demand of the 
author a list of symbols, instead of allowing him to define them 
in the context, and thereby increase the “readability.” That 
may be worth while, but there are obvious advantages and 
disadvantages on both sides, which have been discussed so often 
we shall not enter it here. 

Referring to Fig. 25 a, he asks why flux, and equipotential 
lines are drawn, through the field conductor, since he understands 
that the flux has no potential in space occupied by current. The 
paper says: “In Fig. 25 b the paths as indicated by the iron 
filings can not be traced to the pole body on account of the field 
winding. But it is clear from the direction, at the edge of the 
field winding that they will terminate approximately as shown in 
Fig 25 a.” Further than that, we can not answer. 

Prof. KarapetofFs other criticism is that the authors are guilty, 
with many other authors, of expressing inductance as a ratio of 
flux to ampere turns, instead of taking simply the permeance. 
He then calls attention to the fact that the permeance .idea is 
followed consistently in. his book on the “Magnetic Circuit. 
Our supposition is that because most of us were started off m 
college from the “interlinkages per ampere” viewpoint, we are 
inclined to fall back upon that viewpoint both in writing and m 
our effort to understand what is written. In order, therefore, 
not to decrease the “readability” of the paper, the authors were 
less interested in revolutionizing peoples’ viewpoint to confirm 
to Prof. KarapetofFs book than in helping readers understand 
the problem in hand by using terms familiar to them. . 

Messrs. Newbury, Laffoon and Fechheimer have raised a 
fundamentally important question, what is “the quantity we 
are attempting to calculate.’.’ Also how are we to test for that 
Quantity in the actual machine. What the authors consider as 
the “quantity,” must be clear to any one who ha & studied the 
paper. They were not aware that there was so much uncertainty 
regarding what particular reactance should be considered in 
various circumstances of operation.. Since such uncertainty 
and also the question of testing, do exist, these should be cleared 
away to permit some approach to agreement. 

As a starting point toward settling what armature reactance 
means, take Mr. Newbury’s lucid explanation regarding armature 
reactance and armature reaction. We will take up transien 
reactance later. With that portion of his discussion (1st four 
paragraphs) covering the explanation, we are m entire agreement 
as may be obvious from reading the paper. .Figs. 27 a and 
27 b show our conception of the fluxes he describes. There can 
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be no question, therefore, about what leakage flux is involved 
wnen we say armature reactance. Pechheimer’s discussion 
reaks the accord at this point, by injecting the old bogy of 
narmomcs which produce distortion and upset all calculations- 
then he closes by admitting: “that the distortion is very much 
reduced at full load, zero power factor, is quite evident.” Now 
m order to compose this particular difficulty, let’s say we mean 
e armature reactance which exists under zero power factor 
condition— i. e., armature and field m. m. f’s. in direct opposition. 

en the complication of'distortion is eliminated, and we can 
start once more. If it happens, as actually does and as explained 
m the paper, that this same value may be applied in regulation 
calculation, etc. under watt load conditions also, that is another 
matter which has no direct bearing on this present problem of 
establishing a bench mark to work from. Permit us to say with 
much emphasis: that is the reactance which is called armature 
reactance m the paper, and which equation ( 47 ) in Part 1 is 
intended to calculate. It is the calculated value listed in Table I. 

before taking up the difficulties involved in testing this value 
consider further Mr. Fechheimer’s discussion regarding the 
influence of the harmonics which remain, even at zero power 
factor. It is pointed out in the paper that the salient-pole 
construction causes variation in reluctance of the leakage path 
producing principally at bird harmonic, which, with other third 
narmomcs, disappears in the terminal voltage of Y-connected 
machines for well known reasons. There are other higher har¬ 
monics naturally but how much influence do they exert in the 

re *^ ta l 1 l Ce ° r im P edance > in determining, in conjunction 
with ^ the armature reaction, the current which flows under 
sustained short circuit, where, as already mentioned, the field 
and armature m.m.f s. are in direct opposition. The armature 
reactance under this condition, remember, is the reactance we 
are concerned with. That current, as Pechheimer acknowledges 
is substantially the fundamental, free from harmonics. A 
-L. ai1 ^ oscillogram of this current will confirm that. 
Whether these harmonics are damped out by eddies alone as 
he suggests or are partly suppressed by the higher reactance 
to the higher harmonics, matters little. The simple fact is 
they are not there. If we want to know what determines the 
current, which is the fundamental, it must be obvious there¬ 
fore that the fundamental of the reactive voltage is the factor 
we are after. A fifth harmonic, or any other higher harmonic, 
may be m the reactive flux or voltage, as he says, but what if it 

is? If we were studying core loss, that fact might concern us 
but not here. ’ 

TaJke up now the several methods of testing reactance which 
Pechheimer mentions. This is important, because much of 
the disagreement centers on the test method. On the same 
machine, Mr. Newbury obtains from test by Mr. Fechheimer’s 
No. 2 method, which he adopts, a value of armature reactance 
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different from the value the authors obtain by No. 1 method, 
which they adopt. Don’t misunderstand. We are both after 
the same thing. The question is, which method of obtaining it 
bv test is right. As we see it, the principle in each method is 
sound, and by his explanation referred to above, Mr. Newbury 
agrees. To draw the issue clearly, Messrs. Newbury and 
Fechheimer think that our respective “test” determinations of 
armature reactance on the same machine do not check, because 
they believe we are unable to calculate armature reaction 
accurately. Hence the difference between that wrong armature 
reaction and the test value of field m. m. f. (synchronous impe¬ 
dance A T ) gives the wrong reactance. He agrees, however, 
that that difference, properly determined, gives armature reac¬ 
tance. Our only answer is that we have given m Appendix B a 
new method of accurately calculating armature reaction, and it 
seems that they should have felt obliged to show why that 
method is not right. To simply say it is inaccurate is not at all 
convincing. Not a word was said about the method m Appendix 
B; not a word as to why armature reaction can not be calculated. 
We are therefore not in position to know and discuss what is m 


tinoir minds 

In applying No. 2 method, which Mr. Newbury recommends, 
one meets a number of difficulties. It involves first a graphical 
solution in which a cut-and-try triangle is made to fit m at ail 
points between two curves. One of those curves is calculate , 
and involves estimates of pole leakage and also estimates o ow 
saturation is changed by having, under load, more flux m the pole 
body, but practically no more flux m the armature and a varying 
amount of increase in the teeth. Hence that calculated curve 
must rest considerably upon judgment. It is impor an ° 

that the same objection which was 2 Af twTlaree 

regarding the large error resulting m the difference ofTwo large 

quantities, from a small error m one of, the la *f?’ t one of 
equally to method No. 2; as does also the objection that one of 

the large quantities is calculated. _ It is our opinion, ’ 

that method No. 1 involving a simple subtraction of ampe 
turns armature (in which the amperes are tested the ac 
turns are known, and the only calculated factor , 

turns) from ampere turns field (in which the amperes are t^ted 
and the known turns are 100 per cent effective) is much more 
reliable than No. 2 method with its fcfficultj*(and 
and that the discrepancy, mentioned by S^ue to 

Laffoon, between their test 0 dete ™ ,aatl °f if the 

their errors in applying No. 2 method. It may ^( as £ e £ v 2 

“test” value of armature reactance determined m error by • 
method is applied in excitation and regulation calcuiations^why 
will not these calculations also be m error |imply because th 
steps by which the reactance was determined from load Ration 
curves are retraced in load excitation 

suit and follow of one’s self about a circle does not apply to tn 
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use of No. 1 method. Therefore, assuming that armature 
reaction calculations are even approximately correct, then it 
would seem that to obtain a value from test with which to^com- 
pare the calculated value, 'No. 1 method is far superior, "it is 
acknowledged that no method yet proposed, which is based on 
commercial tests of saturation curves and synchronous impedance 
curves, can be depended upon, for reasons already mentioned, to 
give in every case the armature reactance within, say, 10 or 15 
per cent. This may mean only 2 or 3 per cent error in the tested 
curves. If that error is more serious, as sometimes happens, 
then the reactance error goes skyward. The error in reactance 
value incident to test error applies alike to both methods referred 
to. Hence, although accurate tests of course eliminate this point, 
it is yet true that where, as in our case, the experience available 
involves such tests, this fact must be weighed in the interpreta¬ 
tion of the data. • This has important bearing upon the data in 
Table I, which I shall refer to later. 


Considering further Mr. Fechheimer’s list of methods, No. 3 
and No. 4 give nothing but the impedance of the stator under 
those test- conditions, i. e., with rotor out. It is absurd to take 
this as the armature reactance , since obviously the latter would be 
liferent in the same stator with rotors of different pole propor¬ 
tions. Methods 5 and 6, give, as did 3 and 4, the impedance of 
the machine under the conditions of the test, i. e., with stationary 
rotor, where any given phase group has a fixed relation to the 
pole. If there happens to be a secondary winding, i. e. a 
squirrel-cage, solid-rotor or short-circuiting collars on the poles 
the transformer impedance is involved, that is none of these is 
the armature reactance which we have been discussing-. This 
seems too obvious for comment. Method 7 may give some 
interesting results of the synchronous reactance in Mr. Fech- 

* e I m *t r i S mve . s ^& a ^ on - However, it is probably as accurate and 
infinitely easier to read the synchronous reactance directly from 
the saturation and synchronous impedance curves. 

-Method 8 gives the transient reactance accurately 

ei Z ht ™ et £ ods > therefore, either 1 or 2 (if 2 is correctly 

Method a b f 6 US6d , for 1 obtainin S armature reactance. 
Method 8 should of course, be taken for transient reactance. 

tbh!! em ? g Tab 6 h Mr ' Fechheimer ur ges caution in adopting 
the formula, because 40 per cent of the machines show a difference 

between ca culated and test values of more than 20 per cent and 

^^ ^ |,| ,i * . , ^ 11 ^ per cent and 

I«5 per cent. Please bear m mind these two facts: In that 

table of 138 machines, all of the bad ones, as well as all of the 

tfe f the cards are on'the S 

coLrimal ?“tf;/iS '7 exce P tio ” s . determined froin 

SSted^Sf 1106 ’ v° meth / ng 1 T uld be wrong ’ as already 

intimated, if all machines checked within 10 or 15 per cent 
Many of those tests are all right; others may be off by 2 or 3 



1918] 


DISCUSSION AT ATLANTIC CITY 


1329 


per cent giving 10 or 15 per cent in reactance; others, more. It 
would be nice to have 138 different, accurate tests to compare 
with, but they are not available. We are obliged to accept the 
commercial test records for the mass of test data. Where tests 
are known to be accurate, no radical disagreement in results 
occurs: But we submit that knowing the probable error that 
may result from test, and noting the consistency of the majority 
of the cases of widely different machine characteristics, in falling 
in line with calculations, the extreme cases mentioned, as well as 
a variation of 20 per cent in 40 per cent of the cases, are to be 
expected, and can not be taken, as Mr. Fechheimer suggests, as 
evidence that the formula is wrong. If the entire table is studied 
with these points in mind, I think it must be granted that the 
agreement is most encouraging. If the table contained only eight 
or ten machines of about the same characteristics, then it could 
not be offered as' evidence that the formula is reliable. But 
that is not the case. There are 138 of them. We might add 
that during the seven months which have passed since the paper 
was written, additional data, including many accurate tests, 
have been obtained, all confirming the reliability of the formula. 

Referring to transient reactance, Mr. Fechheimer submits an 
ingenius example to show that saturation prevents the field 
leakage from having much influence in limiting the initial short- 
circuit current, and says also that eddy currents in the spider 
should be considered as to their influence on transient reactance 
and attenuation factors. Now that example showing the tre¬ 
mendous increase in pole density at short circuit is most interest¬ 
ing. We agree that saturation would certainly be a “serious 
factor” in such a case. But Mr. Fechheimer is confused. It 
has apparently escaped him that the flux in the pole at short 
circuit is roughly what it was before short circuit. He adds the 
10 . times 12 per cent leakage, to the 100 per cent normal flux, 
giving a total of 220 per cent. He forgets that the field leakage 
can not possibly be more than a fraction of the original 100 per 
cent. As a matter of fact, the only difference after short circuit 
is that part of the 100 per cent which before short circuit crossed 
the air gap into the armature, now crosses the field leakage paths. 
The rest goes through the armature leakage paths. So you see 
he has accounted for 220 per cent which, if it were not for satura¬ 
tion, would cross the field leakage paths, and has not yet men¬ 
tioned the armature paths, which, by the charitable assumption 
that the field leakage is 50 per cent as great as the armature 
leakage, and that the ratio of effective field interlinkages to.the 
product of field turns times flux is about 2 / 3 , the armature paths 
would absorb 2 / 3 times 440 per cent equals about 300 per cent 
more. That is, 5.2 times normal flux, which of course is absurd, 
since it means manifold increase in field interlinkages. To. have 
remembered that these interlinkages can not change signifi¬ 
cantly at short circuit would surely have prevented such a, weird 
example. A study of Part 2 of the paper will clear up this point. 
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A glance at Table II may save discussion about the influence of 
saturation. Short-circuit tests are shown at different voltages. 
It will be noted that this evidence is in accord with conclusion 
(lOe) given at the end of Part 2. 

. Regarding the effect of eddies in a solid rotor rim upon tran- 
s * ent reactance and upon the attenuation factors, this phase of 
the problem was considered, as mentioned briefly in the last 
paragraph of the abstract at the beginning of the paper. Speci¬ 
fic data regarding this effect was not ready in time for the 
original copy of the paper, but has been included.in the Trans¬ 
actions. 

. ^ n .' speaking of transient reactance Mr. Newbury states that 
m his experience “the armature reactance during synchronous 
operation (obtained from no-load and full-load saturation curves) 
is not materially different in value from the total reactance 
effective during sudden short circuit.” He grants that they may 
not be the same reactances, and explains that their numerical 
equality may be due to the fact that whatever increase may 
occur in reactance due to the field leakage, is offset by “some 
other action.” From what we have said in previous paragraphs, 
our explanation of that numerical coincidence is due less to 
some other action” in the machine than to the fact that Mr. 
Newbury draws in the calculated modification of no-load satura- 
tion curve too near the no-load curve. It is a hopeful augury 
that he agrees in his last sentence that it “may be due to dif- 
erence and errors in determining the true armature reactance 

and agreement can hardly be expected until this question of test 
method is settled.” 


^ Y er y * m P orfcan t to note at this point that from an exchange 
with Mr. Newbury of designs and test data for the purpose of 
removing all question regarding application of the formulas and 
“*^P. retat . 1 ° n of tests calculations by equation (47) Part 1 and 
J , 10ns .(6) and (7) Part 2 checked the tests on his machines, 

HN^ccT 1 in tl ol } owm % ta ]? le > in connection with Mr. Laffoon’s 

That is, the formulas apply alike to machines of 
<i+ ?>> nianufacture, when the calculated result is referred to 

nnt tn va the formula is intended to calculate, and 

not to some other test value. 

1 su f^ ests that the difference between the results 
discussion by Mr. Newbury, and those in the 
LnnnrfH 6 1 explained by different practises in end-coil 
i; T * think we have made clear where the discrepancy 

first with a aase .. where the same machine was tested 

££ S steel-nng end-coil support, and then with brass support. 
The difference m reactance could not be detected. This was a 

SS ibStT* 4 ' i 000 - 1 ™' and the steeling 

waa a op u t one inch (25.4 mm.) square. s 

underivi^ 00 thl S comi ? ents center more upon the details of theory 

comments S, r f ctance for f ulas - But he prefaces those 
comments with some general objections. His reference to 
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definition and “standardized reliable test”, is repetition of 
Messrs. Newbury and Fechheimer’s discussion of the same 
points, which has been fully answered. 

He rather more fully amplifies their viewpoint regarding the 
extremely complicated nature of the problem. He believes that 
the problem is too intricate to treat analytically; that necessary 
flux diagrams, effect of eddy currents, change in permeability, 
indefiniteness of the flux paths and a few other things render 
the calculation hopeless. To take account of all these factors 
in an equation would be well nigh hopeless, we acknowledge. 
But if we understand the problem correctly, there is an important 
distinction to be drawn between a method involving a possible 
error of 10 per cent or so which for the practical purpose for 
which the reactance is used, is negligible, and a method required 
to include all factors to the extent of reducing the possible error 
to, say, 1 per cent. It is somewhat like the distinction between 
the method of a house carpenter who works to inches, and the 
factory mechanic who works to thousandths of an inch. In one 
the relative error may be many times larger than in the other; 
but, practically, they are of the same order. Our point is from 
our understanding of the problem in hand, and from our exper¬ 
ience, we believe that practically all of those annoying and 
confusing factors which Mr. Laffoon refers to, are trifling and 
may be neglected in obtaining a practical estimate of reactance 
from the design. Where, for instance a factor can not be 
neglected, as harmonics in armature reaction, we have taken it 
into account. But to worry about most of the things he men¬ 
tions is unwarranted, for reasons given in previous comments. 

Regarding slot leakage and his Fig. 2, he reasons that there 
will be slight mutual action between phases due to saturation of 
teeth, then decides that there is some other effect that compen¬ 
sates for it. That is, agrees with the authors that there isn’t 
any mutual effect of slot leakage. 

Now as to the mutual induction of the end connections and 
tooth-tip leakage. Mr. Laffoon shows why in the case of the 
end connections the mutual effect could amount to “only a few 
per cent:” then shows that it would have to be less than that. 
Perhaps the shortest answer to his logic is that if exploring coils 
are put on the end connections following around the V-ends of a 
phase group, and then from an exterior source, the. same current 
is put through the armature, first single phase and then three 
phase, the exploring coil voltage will be 50 to 60 per cent more 
in the latter case than in the former. This ratio for end leakage 
is the same whether the rotor is in or out. The following Table 
III gives data from such a test on a 125-kv-a. machine, four 
slots per pole per phase, and also on coils assembled in a wooden 
armature dummy. 

He believes that the tooth-tip leakage is more complicated 
still, and also that the mutual induction between phases due to 
this leakage must be very small. Why? Because damping 
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currents m the laminations, rivets, etc., etc., prevent the tooth- 
tip flux from entering the pole face. This restricts this leakage 
to the path along the air gap. This of course would not only 
prevent mutual induction with other phases, but also cut down 
radically the leakage itself. You see he is still allowing har¬ 
monics to cause undue confusion. Certainly there are no damp¬ 
ing currents to the fundamental which we are after, and which 
being polyphase is stationary with respect to poles. Instead, the 
problem is rendered more simple that the harmonics are partially 


TABLE III 

EXPLORING COIL TEST FOR END LEAKAGE ON 125 KV-A. ALTERNATOR 


Test 


Rotor 


t 

Exp. 
Phase Coils 


series 


End 

Shield 


Amps. 

in 

Phase 

group 


t 

Exp. 

coil 

voltage 


Column 

7 

corrected 
for 32 
amps. 


Ratio 

taken 

of 

tests 


Ratio 


Pos. 1 
Pos. 2 
Pos. 1 
Pos. 2 
Out 
Out 
Out 
Out 


31.2 
33.6 
31.4 

31.4 

32.4 

31.5 

31.3 

31.4 


0.983 

1.09 

0.595 

0.673 

1.03 

0.627 

1.04 

0.627 


1.02 

1.04 

0.605 

0.685 

1.02 

0.637 

1.07 

0.64 


1 & 3 


2 & 4 


5 & 6 


1.69 


1.52 


1.67 


Similar Test on Armature Dummy 


2.99 

2.01 


9 & 10 1.49 


^Position 1, phase group bearing exploring coils, symmetrically surrounding the pole. 
Position 2, phase group directly over pole face* 

t Exploring coils were arranged as shown in Fig. 7, except there were four instead of 
two‘slots per pole per phase. 

voltage^™ 1 * 111 ° f fundamenta1, Fig * 6 shows typical oscillogram of exploring coil 


or totally damped out. We trust that the puzzling features he 
mentions will clear up if these points are kept in mind. 

He adduces Mr. Newbury’s test with rotor removed showing 
16 per cent increase three-phase over single phase reactance to 
show that that increase can not be of the order of 50 per cent. 
At the time the problem was being studied, the authors of course 
made such tests, and agree that under that condition (rotor out) 
the ratio is about 1.16. But as we have emphasized before, we 
are not interested in what it is with the rotor out. What we are 
after is the reactance with the rotor in and running in synchronism 
at wo power factor, Under which circumstance (and relegating 
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this damping action of the pole rivets etc., as mentioned above) 
the iron rotor permits mutual interlinkages by the fundamenta 
with other phases. This idea is fully developed in the P&P er * 
In this respect, there is other possible evidence, available to those 
concerned, that has bearing on this point. Theoretical considera¬ 
tions indicated that this mutual induction factor, three-phase to 
single phase (terminal to neutral), obtains in the transient as 
well as the armature reactance. This led to equation (13) 

While at the time the paper was printed, no tests were available, 
a test has since been made which confirms that point of view. 
It might be instructive for those interested to try this out. I he 
results of that test which was made on a 1000-kv-a., 750 rev. per 
min., 50-cycle generator are as follows: Short circuit, three-phase, 
no load gave 1900, 1800, 1900 amperes (a-c. component) on three 
different tests. Short circuit, one phase, terminal to neutral, 
no load and same voltage, gave 2950 and 3060 amperes (a-c. 



Fig. 6—Oscillogram of Exploring 
Coil Voltage of End Connection 
Leakage on 125 Kv-a. Alternator 



Fig. 7—Exploring Coil Test 
for End Leakage—Armature 
Coils Assembled in Dummy 
Indicated by Heavy Lines 
at Center of Figure 


component) on two different tests. Average ratio three phase 

to single phase is 1.6. • . , . , .• 

Mr. Laffoon believes we have made an error m the calculation 

of tooth-tip leakage by neglecting the important component ot 
this leakage which goes along the air gap and does not enter the 
pole face. Now there may be a number of viewpoints from which 
the authors have not studied this problem, and there may e 
possibilities of significant factors which they have failed to search 
out and weigh, but may we not, in the face of this avalanche of 
criticism, properly give ourselves credit for having P r ® ^ 

careful and painstaking to do these things. The questionjust 
mentioned about tooth-tip leakage was analyzed and the factor 
for including this “along-the-air-gap” component was put m the 
equation; but it was found to be practically negligible, and was 
omitted. We take it that Mr. Laffoon has not properly made 
such an analysis, or he would not have brought the question up. 
The space to discuss this criticism may be worth while, because 
it is a characteristic type. At first thought the matter seemed 
to us' very much the same as it still docs to Mr. Lattoom inat 
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is why we worked it out. It seems obvious that with slot width 
equal to air gap on a one slot per pole per phase, the leakage from 
the face of one tooth to the face of next tooth, will not all go 
across the gap to the pole face and return; part will go along the 
air gap. With two slots per phase group, the path across to the 
pole face has not changed, but the path of the component along 
the air gap is doubled.. For three slots per group the first path 
between outside teeth is still the same, the path along the gap is 
trebled. The middle slot has its own leakage, but as explained 
by Gray, this contributes only one ninth to' the total leakage of 
the group. And so on; the component along the air gap growing 
progressively less as the slots per phase group are increased. 
Then why does not that component have to be considered for 
one or two slots per pole per phase. Because no one, I think, 
ever saw. an air gap equal to the slot width on such a machine. 
If one did, one saw a monstrosity. Assuming tooth and slot 
width equal, and three slots per pole, would mean an air gap 
equal to one-sixth of the pole pitch. A normal air gap is, say, 
one to 3 per cent of the pole pitch, possibly four per cent. Take 
four per cent, for instance. If the slot width is the same, it 
means eight per cent per tooth pitch, i. e . about 12 teeth per pole, 
or more. If two per cent gap had been taken, it would have 
meant 24 slots per pole. The more the teeth the less, by the 
S ? U ^\ d ° the ™ iddle ones count, and the middle slot is all that 
d • e P rac ? icall y affected by this component we are accused 
of having omitted. Moreover, if there were such a machine 
where this factor was a significant portion of the total tooth-tip 
leakage, then the total tooth-tip leakage would be of practically 
negligible magnitude compared to end leakage and slot leakage; 
and the error would be of no practical significance in the total 

reactance. Those are reasons why we omitted that factor. We 
did not overlook it. 


f ^ ard i n g application of Carter’s Fringing Coefficient to 
tooth-tip leakage. Take any alternator and lay out the distribu¬ 
tion of tooth-tip leakage over the pole. Determine the coeffi¬ 
cient to account for the spread of flux. Then look up the value 

A^n,2f rter r S c ? rve ' 1S . P ractica % the same, as one might 
P > except possibly m some monstrous example as Mr. 

halfoon suggests. Even then, for reasons mentioned, the error, 
is narmless. 

.The title for the curves based on the ratio maximum to 

?nvXnnl g t P ’ K hich as ^ m ? a Constant P° le arc raXTfo? 
thl rKffilrf 1 f as be ? n . modl 1 fied to meet his objection regarding 

SnhSftn A f app ymg , tbem - They can not properly bt 
applied to a pole involving different arc radii. 

y 11 n< ?T t° Mr.^Laffoon’s Table I. Before commenting on 
the comparison it gives, we would refer to the following table 

Xfd to i®d„°L th p e t data which M r - Laffoon should hive felt 

an interrhancrp nf^ ? ot ‘ We have already referred to 
interchange of design and test data with Mr. Newbury for 
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the purpose of eliminating the possibility of wrong application of 
formula and of different interpretations from tests.. Mr. 
Laffoon’s Table I is supposed to show the results of that inter¬ 
change. In our Table IV only machine numbers 4, 6, 11, 12 and 
13 appear, since we have not data on the others. But sufficient 
data is in Table IV for interesting comparison with Mr. Laffoon’s 
Table I. These are the main points of interest: 

1 . Our calculation of armature reactance checks reasonably 
with the test value (No. 1 method), which the formula is in¬ 
tended to calculate, on Mr. Laffoon’s machines, as well as on 
ours. Mr. Laffoon’s Table I does not show the “test” value 
which our formula calculates, but something else. # 

2 . His calculated and test values are, he avers, either armature 


TABLE IV 

PER CENT REACTANCE 





* 

Slot 

width 

air 

gap 

Calc. D. & S. 

Test t 

Calc. 

Test % 

Machine 

Kv-a. 

Phase 

Arm. 

Trans¬ 

ient 

Arm. 

Trans¬ 

ient 

L 

L 

D. & S. 4 

1250 

3 

3.4 

9.6 

13.6 

7.8 


10.9 

« » • 

D. & S. 6 

700 

3 

2.4 

13.6 

19.1 

13.0 

. . . 

22.85 

# * * 

13.25 

L 11 

3750 

3 

1.6 

10.2 

14.5 

12.9 


13.63 

D. & S.12 

560 

3 

1.06 

17.6 

23.0 

18.2 

. . . 

26.0 

... 

L 13 

12500 

3 

0.94 

13.2 

1 

19.0 

14.2 

20.8 

20.2 

19.3 


* Minimum air gap is used in this ratio. . 

t Armature reactance from saturation and synchronous impedance curves. Metno 
1 in Mr. Fechheimer’s discussion. Transient reactance from oscillograph records of short 


circuit. 

{Mr. 


Laffoon’s application of test Method 2, as described in Mr. Fechheimer s dis 


cussion. 


or transient reactance, since they are the same. Note that those 
values agree with our calculated transient reactance, r or- 
tunately, on one of the machines he submits, the > v *’ 
results from short-circuit tests are available. In this case, we 
calculate 13.2 per cent armature, and 19 per cent M. 
Test was 14.2 per cent armature, and 20.8 per cent transient 
reactance. His calculated and “test” values are 20.2 and 19.3 

per cent respectively. , • • 

3. Our calculation of armature reactance on machine li, is 

10.2 per cent instead of 9.36 per cent given m Laffoon s Table 1 
Therefore the alleged agreement of results at high ratio ot 

slot width to air gap, and a gradual taper to ^^^VSirTao” 
at low ratio, due to our omission of the ^ ong " t f M'^ r ;!fP 
component of tooth-tip leakage, vaporizes with-the re ,. . 

and logic which have been submitted to show that the results ot 
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the paper are entirely wrong. Note in Table IV that, instead 
the agreement happens to be better at low ratio (see D and S 12 
and L 13) than at high rates. The results in these tables simply 
show again what has been brought out in all this discussion, that, 
m tne nrst place, the soundness or the theory underlying the 
method given in the paper has not been disproved; and also'that 
the difficulty Messrs. Newbury, Fechheimer and Laffoon have 
experienced in adjusting their viewpoints rests on the fact that 
they have been working on the unsound principle that the tran¬ 
sient reactance and armature reactance are the same. And by 
the treacherous possibility in No. 2 test method of'taking in 
excitation calculation any value one pleases for armature 
reactance, (so long as that value is applied in the same way it 
was derived from the zero power factor excitation curve) they 
have lead themselves to believe that the above principle is right. 
A different value of reactance obtained by No. 2 method simply 
means a change in judgment regarding where the calculated 
saturation curve should be placed. The coincidence of the value 
of armature and transient reactance probably had its origin in 
the view that they should be the same, and the full-load leakage 
correction of the saturation curve adjusted accordingly. 

i tu Diat ? aat ’ s comments center principally on three points: 
f. ine author s statement of disagreement with certain results 
o his own paper. 2. Priority claims. 3. Terminologv. 

Since Mr Diamant states that “the authors ready;do not 
disagree with any of my conceptions, at least I agree with theirs 
.... , tne first point would seem at once to be settled. We 
disagreed because we misunderstood his meaning. We misunder- 
s oo not y a lack of diligence in trying to understand, but 
because he used terms familiar to us, but to which he attached a 
meaning entirely different from that almost universally under¬ 
stood, and which is uniformly defined in leading text books, 
a e one g aring instance: by armature self-inductive reactance, 
e means synchronous reactance. Referring to Fig 27 b in the 
paper, his meaning of “self-inductive reactance” involves all 
^+^ UX S ^ 0WI V What 1! ! generally meant by self-inductive 

Sft in T° V T °*ll S at P? rtion of the total fl ux shown 
that does not link with the field winding. With the almost 

memM th nccepted definitions in one’s mind Diamant’s state- 

^ ° f th f tn f self - lndu ctive reactance to the total 

leakage reactance reduced to the field is about three,” is per- 

theseterms^fi^d famiHar with leadin g texts that define 

wfLt Tf a d c ? nse< l uent general understanding, and 

he could Wdi S t at6d hlS m t ei }tion to use a different melning, 
h p have e fP ec ted his words to be understood. 

Wp nWirmci 6 m ^ lon A as been cleared up, one.point, remains, 
ously can not agree to the general statement in Dia- 

tn paper that the . initial short-circuit current is determined 

Ahhm■ a ” nature im P ed ance with good .approximation,” 
g true in some cases, as tacitly granted in our paper, 



1918] 


DISCUSSION AT ATLANTIC CITY 


1337 


“this assumption would lead to serious error in many cases.” 
We gather from Mr. Diamant’s interesting comments confined 
to logic, that, after all, he agrees. 

Just a word about our reference to his paper. In taking up 
this problem of reactance and short circuits, we naturally used as 
a starting point the most recent work on the subject, and that, 
of course, was Diamant’s paper. He had covered the matter 
historically, which to us, was a considerable factor in the value 
of his paper, and had offered interesting and valuable test data, 
and also some extensions in mathematics, one of which was used 
in our paper, Fig. 21. As stated, there were in his work points 
with which we did not agree. Hence it was necessary and proper 
that that disagreement should be stated, in order to clearly 
proceed to further development; surely not in order that we 
might “triumphantly state” that some one was wrong. We 
regret that the latter interpretation was made by Mr. piamant, 
because it has done much to spoil what otherwise might have 


been a masterful criticism. ~ 

We are accused of having attempted to offer, for the nrst 
time, what Boucherot proposed in 1912. The first paragraph o 
Part 2 states that Diamant’s paper sums up the theories under¬ 
lying short circuits as developed by Berg and by Boucherot. 
These are in complicated mathematical terms from which the 
average engineer finds difficulty in obtaining a physical concep¬ 
tion of the phenomena. Moreover, to apply their equations it 
is necessary to know the reactance. In order to calculate e 
reactance which limits the initial short-circuit current, l is 
necessary to establish a physical conception of what happens to 
the magnetic fields under that condition. It is just as necessary 
to establish that conception in the reader’s mind, it he is to 
understand clearly what is being calculated. And o' 
contempt of those who would say everything mathematically, 
we have described the phenomena “in terms as free as possible 
from mathematics.” It is an interesting circumstance there¬ 
fore, that we are now obliged to acknowledge that we did no 

discover the principles underlying t ^ a \ expos 1 1 1 tl ^’ ^ e 
Boucherot, or Diamant. Faraday and Maxwell ^serve so 
credit for them. They are stated m any good text on physics. 
However, there are one or two points which were brought out 
which we believe were not generally appreciated. To mention 
one, the increase in flux density at the bottom of &*&*** 
short circuit. -This is not only 

all 

° b Bdo S re fr r3“eSnr°o S taSffigy, we will answer one^r two 
other ooints We are asked to explain why a single-phase snort 

SS- ,—s 

Sn^f.en«l*”hasf short circuit produces 60 per 
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that till T - tha ? three -P h ase. If it is assumed 
nwJJJv, P ,J aSeS 1 , nvolved J ma y be considered as different 

three-phase and with the three-phase value of 
reactance per phase, then the short-circuit current would be 


/ 


1.73 E 


2 X 


0.86 


E 


X 


= O. 86/3 


that is 86 per cent of three-phase value. That assumption 
however, involves the three-phase mutual induction between 
phases, which is strictly true only at one instant, when the cur- 

relative to^he^r m V Then the r pole iron is in same Position 
under 0ne P articula . r . moment 

maintain pH Ft, onditions. If that relative position were 
maintained, then the current would be as given above, i. e„ 

iron 6 nath S fTT"’ 1 “ PP le , moves on, the relation of the 

fundamental dU n 1S ckan 2 ed to decrease slightly the 

fundamental of the leakage flux, and as tests show, this decrease 
is about 15 per cent. uecrease 

wrmm • ' C ‘ 1 ‘t^ a al t tp Say V the followin g statements in the paper are 
oole” S and t “the lt dim a t mg com P oneat Spends upon the flux per 
with the d aJ" ,± reCt C ° + “P°u nt de P ends u P on the flux linked 
rather unn^l!. ^tt irCmt ' t 1 He sa 7 s those components depend 
TherbXnniaH^T^ TTn^ mutual and sustained flux. 
of constlnSSr "I® ° bvl0USly f , ollo y if on o accepts the principle 

aLStfwW^ ageS m % dosed circuit without resistance, 
calS7 +t,* u h& generally accepted view that for a practi- 

first cvcle or so P rf n , 0mena ’. * he resistance is negligible for the 
5 ? ,Xi + n ? ut J evea , lf one dissents from that view, we 

proiection of “ agn ’ f Ude f tbese components as determined by 
projection of wave of crests to zero time. But however obvious 

tm I t 3S££t”SV Se t em .^. thos 1 e wh0 look at These matte" 

instead TaTrffriT ' u a f cknowled g ed that where one, 

instead of frnm t/lT ?° mebod y s equations, say Boucherot’s, 

it is nossfble tb ® balckgr ? und of facts Boucherot had in mind, 

conclusion Ormc^ t0 ^ a wron §*’ sometimes dangerous, 

entire usefid £?vt k . ha PP ens - At short circuit the 

e userul flux is absorbed m the armature and field leakap-e 

paths m proportion to their respective reactances There is of 

course a very small per cent of it taken 4 in“ / drop but ?lfls 

it" m g l £ b e - f th ? dux dies down > the relative proporSon of 
%eTter 'S! at any time is progreXely 

ft is all at , the tained val ^ 

orieinal X tew! / * 1 ® ^ ge (except of course the 
g nai pole ^ leakage due to original exciting field current') 

<1- and current 26 
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a formula, otherwise it is difficult to understand the basis for 
his opinion that the a-c.jcomponent.depends_upon the^ ffifier- 
ence between initial and sustained flux. But, ^ intimated 
above, such a formula does not explain certain facts. 11 

sustained value is assumed to have e + £ iste ^ r n °“^ 

then it means that by the formula there is a- greater^^ge 

of flux taken in the armature paths at the “of armature 

actually is taken. As an instance, assume a ratio of 
to field strength equals two. Also assume ten per cent armature, 
five per cent field leakage. That mean • ment ^he 

current at short circuit. Actually at ^ oTr ?ent in 

armature, (33.3 per cent + 10 per cent) m^field leakage gth. 

At the sustained condition, the current is P ra ^ 7 armature 
normal, that is, the flux division is 20 per cent m a ™ a 
leakage 10 per cent in field. By the well known formula 
referred to, assuming that the sustained v^wried from the 
start, the initial division would be as follows the sustained 

value accounts for armature 20 per cent field . e absorbed 
That leaves 80 per cent of the useful no-load flux to be abs b 
in armature and field in the ratio of 10 to 5, *. e. , 53 . S pevcenz 
armature, 26.6 per cent field. That is a total of (20 per cent + 
53.3 per cent) in the armature and (26.6 per cent + P oe ^) 
in the field. That is, this equation ^ys 73.3 per cen t is m t 

armature leakage, 36.6 per cert/ 8 per ceui 

£ tte Sd^Now^X^ Se^S known eV«on 
referred to. this question would not come up if the 
' is assumed to be in the armature. In 
involves the fundamental assumption that the 
in the armature. If, therefore, one thinks m terms of that 

equation, one may go astray. . « ±. npr hans 

Another viewpoint, which seems more ^lonal yet p^haps 
i AC; o ponvenient is that the sustained value of flux is zero at tne 
5 i a Tk S and by an exponential, reaches the sustained 


0 = $ e aft + « 


■a f t 


) 


where $ — initial flux 

% = field 1 attenuation factor based on the total leakage of 
armature and field. 

The flux which is caught in the armature circuit starts at that 
value and decreases to zero by 
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The equation of short-circuit current crests would be, using 
notation in paper, and assuming wave completely offset, 

~ aft )+h ~ aat 


= V2 {he * jt + I s (l 


0 € 


J 

These forms are consistent with the facts. They say that the 
division of nux m the above example is initially 66. 6 per cent 

and 43 ; 3 per cent ’ as facts require; and at sustained 
r alue, 20 per cent armature and 10 per cent field leakage. And 

from the^quttSf ^ transient ’ the pr0 P er div ision is obtained 

nrSiciVi! w 1 " ma y b e used in practical calculation for 

ter? uSj fn and he ^ C -t the f t miliar ins tead of the new forms 

the paper) it yet becomes a serious difference if 

+ at f i s t0 be f iade from the formula to the extent of 
Diamant s statement that the initial a-c. component depends 

upon the Terence between the initial and sustained flux 
terminals wet?*? the short circuit occurs, the field 

had not bethesame as if those terminals 

there^ ul dS5c + CU ? ed ' 1 In the former case, however, 
die to zero Va l Ue ' The flux and currents would 

could not affect tS ?f + er f nce between initial and sustained flux 
pments unless i f, “ Tf nt ’ edher the a 'C- or d-c. com- 
fluxifzero and tw tJ! ^u 73 that the stained value of 

Regarding terrainolo^? Ummg the a ™ ature leakage to be zero. 

“new impressive Ss efdin? e name Tt^ w introducin S the 

has escaped his notice tW & - -° f tran sient reactance.” It 
in other literature this term >? eV n 0US d ' P a P ers and 

presentpa per rtthebegi„nSofP a S2“f£° P ° S?d: , a .; d “ * he 

recorded Durgin and Whitl^d ” 1912 °p‘ S S”i the k tem, “ 

1914. It mav sou-nd tn iv/iv .tv m l f • -D- Newbury m 

times scientific terms are so lorwthat T unscie ? t 1 ific > but some- 
not use them, and it is necessarv?^ at com f nercial engineers will 

term. How many busy enS? S ? rteT ’ if less accurate 

11 , engineers could be persuaded tn 

r ? d r d to 

tance,” as practical and dSntiw ‘‘^ aasient rea c- 

mmology used in leading tests such ?? belleve th e ter- 
Lawrence are scientificallv snnr^ UC1 u 3 *- ® temmetz . Berg and 
be some terminology which would’ ™ 6 be i eve tbat there should 
and avoid such confusion as is exoerien??^ sam ® . to everybody, 
191o paper. His discussion dptmtf 6 d -i n readm S Diamant’s 
matter. His terms are sound??? f , COnsiderable space to this 

Wamant’s ^ggesUT^^ 

^ y a£S“1hf P ‘ ° ffiCla ’ ly “ 

d'bUography. It “properly'SdW teSudeT' “ ^ 



Presented at the 34 th Annual Convention of 
the American Institute of Electrical Engineers, 
Atlantic City, N. J., June 28, 1918. 


Copyright 1918. By A. X. E. E. 

PROTECTION FROM FLASHING FOR DIRECT-CURRENT 

apparatus 


by J. j. LINEBAUGH AND J. L. BURNHAM 


Abstract of Paper 

The equipment developed for the P. rotec ^?”‘ ° f .^Aall'toect- 
apparatus as described in this paper is applicable to all dire^ 

current apparatus and all methods of operation. p .. . 

of protection for use only with particular apparatus ^1steps in 
of ooeration have not been mentioned. The principal steps in 
the Experimental development of high-speed circuit break 

and flash barriers are briefly given. , , or barriers 

The protection afforded by the high-speed breaker or barriers 

is sufficient for most apparatus and service, 

tection for any direct-current apparatus an £ 

both the high-speed breaker and flash barn • . .. 

directed to the importance of arranging the connect*on i t.o t 

brush rigging so that the magnetic action on the arc will D 

mhilmum! a S nd properly directed, so the flash will do the least 

damage. 


T HE problem of protection from flashing has for many years 
co nfr onted engineers who build and operate direct-current 
machines. Numerous-schemes and suggestions have been put 
forward which it was hoped would overcome the tendency to 
flashover on extra heavy overloads or short circuits. Some time 

ago it was felt that the subject of prevention and protection from 

flashing had not received the study and investigation justi e 
by the trouble experienced and it was decided to make a com 

prehensive study of the entire subject. . _ 

Some form of barrier has been the most common protection 
suggested, and different forms have been tried with a slight 
degree of success on some machines and absolute failure on ot ers. 
It was the opinion of many engineers that barriers could not be 
designed to take care of a short circuit and that their value was 
doubtful. However, a special form of barrier, which gives the 

required protection, will be described later. . 

It was realized that the means fqr prevention of flashing at 
the commutator and brushes of direct-current machines must 
operate to remove the cause very quickly. The use of some orm 
of high-speed device, which would open the circuit or insert re- 
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sistance before the short-circuit current could reach a value 
which would cause flashing, seemed the most logical way to 

S f V f j P roblem ’ altll0 ugh it was appreciated that the action 
of the device must be much more rapid than any co mm ercial 
circuit-opening device previously produced. An investigation 
was conducted along these lines and two distinct types of high¬ 
speed breakers developed, which will be described separately. 

A flash at the commutator starts from excessive sparking. 
Sparking is produced by the breaking of current in the coils short- 
circuited by the brush as each segment of the commutator passes 
rom under the brush. As the coil is inductive, the spark or arc 
ends to hold and, if the arc is of sufficient volume, the vapor 
produced thereby forms a low resistance path between segments 
and from brush to brush or to frame; through which a large 
current may pass. See Figs. 1 and 2. 

Sparking may be prevented by providing a magnetic field of 
proper strength and distribution to influence the coils during 
reversal of their current as they pass through short circuit by 
the brushes. To provide the correct commutating field for all 
conditions of load has been the object of designers but success 
as een only partial. At high loads, saturation of magnetic 
circuits and distorting influence prevent attainment of the de¬ 
sired field, and for sudden changes in load the changes in field 
cannot be properly synchronized. It is more difficult to avoid 
sparking with rapidly varying loads than with gradually chang¬ 
ing or steady load, but if a sudden load which would cause 
flashing is of short enough duration, the arcing at brushes may 
not produce enough conducting vapor to establish an arc sup¬ 
ported by the main voltage. The value of load that causes 
flashing when applied suddenly (short circuit) is a function of the 
time required to throw it off . The quicker the circuit is opened 
e higher the value of current that will not cause arcing. 

With the ordinary circuit breaker which begins to open in 
a out 0.15 second, there is a certain maximum load which cannot 
be exceeded for each commutating machine without causing 
as mg. If feeders have sufficient resistance to limit the short- 
circuit current to this critical value, flashing will occur only on 
the rare occasion of a short circuit in a feeder itself. See Fig. 3. 

It has been the standard practise of nearly all manufacturers 
to recommend tapping the feeders, especially railway feeders 
at a sufficient distance from the substation to insure enough 

resistance in the circuit to limit current in case of short circuit 
near the station. 
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Inductance may be added to the circuit to retard the rate of 
increase of current on short circuit to such an extent that the 
ordinary breaker will have time to trip before the current in the 
machine reaches a value that would cause flashing. The amount 
of inductance required to delay the rise in current sufficiently, 
however, introduces other disadvantages which make its use 
undesirable. When the current is interrupted, the increase in 
voltage from inductive “kick” is difficult for circuit breakers 
to handle and introduces the possibility of applying dangerous 

voltage stresses to the apparatus. 

Reactors have been tried in a few instances with some success 
but it has always been a mooted question whether the resistance 
of the reactor did not give as much or more protection than the 
inductance of the coil, and if this is the case resistance only 
would be much cheaper to install. A coil to give the delay re¬ 
quired is usually very large and expensive and occupies much 
valuable space, giving a total cost out of proportion to the cost 
of the machines protected or the protection obtained. 

With special high-speed circuit-opening devices operating in 
about 0.005 second, the more sensitive machines, such as 60-cycle 
synchronous converters for railway voltages, may be short- 
circuited without flashing over, even though the maximum current 
is of higher value than would cause flashing with suddenly ap¬ 
plied load and ordinary circuit-breaker protection. 

The speed at which a circuit breaker must operate to prevent 
flashing depends on the amount of load thrown on the machine 
but, under worst conditions, our tests seem to confirm that 1 
must be quicker than one-half cycle of the machine to be pm 
tected. The time of operation of the breaker would be measured 
between the time that the current reaches the flashing value to 
the time that the current is again reduced to the same value 
after the breaker opens. If the arc formed between two seg 
ments is not blown out as they pass from one set of brushes to 
the next and all following segments have similar arcs formed e- 
tween them, the arc would completely bridge between posi ive an 
negative brushes in one-half cycle, which would complete the 
flashover. Complete flashover might also occur from gases 
being blown by windage, magnetically, or by expansion, o 

increase or decrease the half cycle time. . 

The time of operation of circuit breakers as given erem is 
measured from the beginning of short, circuit to the instant the 
breaker begins to reduce the current rise. 
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Investigation covering these several schemes of protection 
was made, which it is believed will be of interest and will be des¬ 
cribed briefly with oscillograms, reproductions from photographs, 

etc., showing behavior under different loads and short-circuit 
conditions. 

All short-circuit tests were made by connecting positive and 
negative terminals with a 500,000 circular mil cable; the only 
equipment in the circuit being the necessary current shunt for 
the oscillograph, a contactor to close the circuit, and a circuit 
breaker foi overload protection, in addition to the protective 
device being investigated. Power for the 300-kilowatt, 25- 
cycle and 500-kilowatt, 60-cycle, 600-volt synchronous converters, 
used in fuse, barrier, reactor, and high-speed circuit breaker 
tests, was supplied from a 6000-kilowatt frequency changer 
set only a few feet from the test, so that there was very little drop 
in the voltage of the generator or from resistance, and the oil 
switch was set so that it did not trip out. 

High-Speed Circuit Breaker 

At the time this development was started it was felt that if 
a circuit breaker could be designed to operate within the time 
required for a commutator bar to pass from one brush to another; 
that is, within one half cycle, protection would be afforded against 
practically any short circuit. Designs were therefore begun on 
a circuit breaker which would open within 0.007 second, which 

would cover most commercial machines; i.e., for 60 cycles and 
lower frequency. 

High-speed breakers had been suggested and attempts made 
to produce such devices previous to this time but, as far as the 
wr ters know, had never been made to obtain as high speed as 
the discussion shows would be necessary. 

Different types of construction were studied and samples of 
several preliminary models constructed without obtaining the 
speed desired. One of the most promising types of construction 
considered consisted of a knurled fly wheel operating continu¬ 
ously with a knurled cam, so designed and located that a current 
relay would insert a wedge between the wheel and the cam and 
trip a breaker attached to the cam by suitable toggle mechanism. 
This preliminary sample indicated that 0.035 second was the 
best speed that could be attained. 

It was then decided to concentrate all energies on a circuit 
breaker using the well known principle of a latch, heavy spring 
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Fig. 3 

High speed photograph of short circuit on 300-kw., 600-volt, 25-cycle, synchronous con¬ 
verter with standard circuit breaker. 



Fig. 4 [linebaugh and burnham] 

3000-ampere, 3600-volt, direct-current high-speed circuit breaker. 
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Fig. 9 

High-speed air cooled fuse holder with 
magnetic blow-out used in test. 


Fig. 10 

High-speed oil-cooled fuse holder, used in 
test. 
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iHG. 11 [LINEBAUGH AND BURNHAM] 

Short circuit on 300-kw., 600-volt, 25-cycle, synchronous converter protected by air¬ 
cooled high-speed fuse. Curve A, voltage across fuse; Curve B, line current; Curve C 
collector-ring voltage. 
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and series tripping coil, and the high-speed breaker shown in 
Fig. 4 was finally built. 

The problem was to obtain very quick tripping, rapid accelera¬ 
tion of contacts and a sufficient number of ampere turns in the 
magnetic blowout to insure rapid breaking of the arc. Previous 
ideas of design had to be abandoned when working for such high 
speed when a loss of 0.001 second meant a very serious increase 
in time of operation. 

It was found that a series blowout coil had to be used, as 
sufficient time could not be allowed for the building up of a 
field after the contacts opened as is ordinarily done in circuit- 
breaker design, and the strength of this coil must be many times 
that usually used to rupture the circuit by giving the quick start 
and acceleration to the arc necessary for the speed desired. The 
breaker in question has a total of about 150,000 ampere turns at 
the maximum current obtained. 

The moving parts must all be as light as possible, consistent 
with the great strength required, so that they can be started, ac- 
celerated and stopped in a very short space of time and distance. 
Even with this type of construction, it was found necessary to 
use somewhat high spring pressure; the spring being compressed 
to about 8000 pounds when the breaker was closed and ready for 
tripping. 

A very special latch with very small tripping movement was 
designed somewhat similiar to the hair trigger on a rifle, in 
connection with a special high-speed tripping coil so that about 
0.001 inch movement of the plunger would trip the breaker. It 
will assist in appreciating the speed attained when it is noted 
that the breaker must be arranged so that it will not trip under 
ordinary load condition and must be set above the tripping point 
of the regular substation breaker so that it will act while the cur¬ 
rent is increasing from say three and one-half times load to eight 
times load; current rising at the rate of about 1,000,000 amperes 
per second. Fig. 5 gives a very good idea of speed and limiting 
of current, from which it will be seen that the breaker starts to 
insert resistance in about 0.008 second and the load on the 
machine is reduced well below the flashing value in 0.020 second 
after the short circuit was applied. 

A breaker was tested very exhaustively in connection with a 
2000-kilowatt 3000-volt direct-current synchronous motor- 
generator set shown in Fig. 6, built for the Chicago, Milwaukee 
& St. Paul electrification, and found to give complete protection 
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from damage or burning on short circuit when equipped with 
barriers shown in Fig. 7. 

•• In connection with the test, it was found that even the speed 
of 0.008 second obtained would not completely protect machines 
from flashing on the most severe short circuit, and barriers 
shown were designed and installed. Tests referred to with high¬ 
speed breakers were taken with these barriers, which will be 
described later. 
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High-Speed Fuse 

It is evident that if a fuse could be developed that would melt 
at a very small increment of current above normal rating, it 
might be possible to obtain a speed which would limit the current 
on a short circuit along the same line as the high-speed circuit 
breaker just described. 

A careful study of all available metals was made by Mr. P. E. 
Hosegood, who suggested using a silver fuse, and a number of 
silver fuses of different shapes were tried in the special fuse 
holders shown in Figs. 9 and 10. The oscillograph record, taken 
with air break fuse and magnetic blow-out, shown in Fig. 11, in¬ 
dicates that a very high speed is obtained, giving excellent pro¬ 
tection and duplicating almost exactly the speed of the high¬ 
speed circuit breaker. It was found that a short circuit could 
be thrown on the 300-kilowatt, 25-cycle, 600-volt synchronous 
converter without flashing over and with very little sparking 
at the brushes. The oil-immersed fuse holder without magnetic 
blow-out gave practically the same result (Fig. 12), the operation 
being slightly better as far as speed was concerned but the 
mechanical difficulties of replacing the fuse, etc., being greater. 

Reactors 

Oscillograph records of short circuit on the 300-kilowatt, 25- 
cycle, 600-volt synchronous converter show an average initial 
current rise of about 1,300,000 amperes per second. To protect 
by reactance, the amount required would depend on the rate of 
circuit-breaker action. With coils made of 1000 feet of 500,000- 
circular mil cable, wound on cable reels having an inductance of 
approximately 0.02 henry in circuit, this particular machine 
could be short-circuited without flashing when protected by a 
breaker opening in about 0.15 seconds. 

An examination of records, Figs. 13 and 14, will show the 
severe duty on the circuit breaker and increase in voltage on the 
apparatus. 

It was suggested that shunting the reactor by resistance might 
reduce duty on the circuit breaker. The coils were shunted by 
14 and by 100 ohms and it was impossible to determine from 
either observation or oscillograph any effect due to the resistance. 

The effect of an iron core in a reactor having an inductance of 
0.00105 henry is shown in Fig. 15, from which it will be noted 
that the iron saturated at about 1000 amperes in about 0.007 
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seconds, after which the current rises abruptly, being limited 
only by the inductance of the coil as if there were no iron in its 
magnetic circuit. The delay of about 0.007 seconds due to the 
presence of iron in the eoil, is far less than the time required for the 
usual breakers, now in use, to open. The weight of this reactor 
was 7 per cent of the weight of the synchronous converter and 
would have to be many times larger to give protection with an 
ordinary breaker. 


Second Form of High-Speed Circuit Breaker 

Mr. J. F. Tritie has more recently suggested a design for a 
high-speed circuit breaker which is simple and substantial in 
construction. This device was built as shown in Pig. 16 and test 
indicated that the speed was even faster than the large breaker 
previously described, as will be seen by comparing oscillograms, 
Fig. 5, on the large breaker, and Fig. 17 taken with the later 
breaker. This device is essentially a contactor having a lamin¬ 
ated structure with electric holding coil and series bucking coil 
so that it opens when the load current reaches a value sufficient 
to offset the ampere turns of the holding coil. Tests on the 300- 
kilowatt, 25-cycle synchronous converter with this device showed 
that a short circuit could be thrown on the machine without any 
tendency of the machine to flash over, and the only sparking ob¬ 
tained extended not over one-half inch from the brushes. Simi¬ 
lar tests, Fig. 18, on the 60-cycle, 500-kilowatt synchronous con¬ 
verter showed more sparking and, although it protected the 
machine at times on short circuit, there were other times when the 
machine flashed over. When the machine was equipped with 
barriers, dead short circuit could be thrown on with impunity, 

there being no tendency to flash over and scarcely sufficient 
sparking to be noticeable. 

This later type of high-speed breaker is a part of the more re- 

cent equipment being furnished the Chicago, Milwaukee & St. 
-Paul Railway. 


carriers 

t -7 he gamers shown in Fig. 7 in connection with the descrip- 
delL? r b^b-speed circuit breaker were developed to 

protectiorf c t° V ! r, f that the break6r WOuld c ^plete 
tained -tu satlsfactor y and promising results were ob~ 

vest- tibn ' 6 reaker that jt was decided to continue in- 

tigation to ascertain if it would be possible to devise barriers 



PLATE XLV. 

A. I. E. E. 

VOL. XXXVII, 1918 



Fig. 12 

Short circuit on 300-kw., 600-volt, 25-cycle, synchronous converter protected by oil- 
cooled high-speed fuse. Curve A, voltage across fuse; Curve B, line current; Curve C, 
collector-ring voltage. . T 
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Fig. 13 

Short circuit on 300-kw., 600-volt, 25-cycle, synchronous converter protected by air- 
core reactor in direct-current circuit and standard circuit breaker. Curve A, voltage 
across circuit breaker; Curve B, line current; Curve C, collector-ring voltage. 



Fig. 14 

Short circuit on 300-kw., 600-volt, 25-cycle, synchronous converter protected by air-core 
reactor in direct-current circuit and standard circuit breaker; Curve-.4, voltage across ar¬ 
mature; Curve 73, line current; Curve C, collector-ring voltage. 



Fig. 15 [linebaugh and burnham] 

Short circuit on 300-kw., 600-volt, 25-cycle, synchronous converter, protected by iron- 
core reactor in direct-current circuit and standard circuit breaker. Curve A, voltage 
across the armature; Curve B, line current; Curve C, collector-ring voltage. 
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Fig. 16 

Second form cf high-speed circuit breaker, capacity loOO amperes, 600 volts. 



Fig. 17 


Short circuit on 300-kw., 600-volt, 25-cycle synchronous converter protected by second 
form of high-speed circuit breaker. Curve A, voltage across circuit breaker; Curve B, line 
current; Curve C, collector-ring voltage. 
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Fig. 18 [LINEBAUGH AND BURNHAM] 

Short circuit on 500-kw. r 600-volt, 60-cycle, synchronous converter protected by second 
form of high-speed circuit breaker. 

Left hand curve Right hand curve 

Load of 0.03 ohms Short circuit. 

Curve A, armature volts 
“ B, line current 
“ C, collector-ring voltage. 
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Fig. 19 

Final development of flash barriers cn 300-kw., 25-cycle, 600-volt synchronous converter. 




FlG. 20 [linebatjgh AND BURNHAM] 

Short circuit on 300-kw., 25-cycle, 600-volt, synchronous converter protected by flash 
barriers and standard circuit breaker. 
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Fig. 21 


Short circuit on 300-kw., 25-cycle, 600-volt synchronous converter protected by flash 
barriers and standard circuit breaker. 



Fig. 22 [linebaugh and burnham] 


Short circuit on 300-kw., 600-volt, 25-cycle, synchronous converter equipped with flash 
barriers and standard circuit breaker. Curve A, armature volts; CurveB, line current; 
Curve C, collector-ring voltage. 
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Fig. 23 


High-speed photograph of short circuit on 300-kw., 600-volt 25-cycle synchronous con 
verter protected by flash barriers and standard breaker. 



Fig. 24 [unebaugh and burnham] 

High-speed photograph of short circuit on 300-kw., 600-volt, 25-cycle, synchronous con¬ 
verter protected by flash barriers and standard circuit breakers. 
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Fig. 25 

High-speed photograph of short circuit on 500-kw., 600-volt, 60-cycle synchronous con¬ 
verter without protection. 



Pig. 26 [LINEBAUGH AND BURNHAM] 

500-kw., 25-cycle, 600-volt, synchronous converter, installed in automatic substation, 
equipped with commercial form of flash barrier. 
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Fig. 27 

Flash barrier with front removed to show location and construction of arc scoop and wire^ 
mesh arc coolers. 



Fig. 28 [linebaugh and burnham] 

High-speed photograph of short circuit on 500-kw., 600-volt, 60-cycle, synchronous con¬ 
verter with flash barriers and standard circuit breaker with preliminary arrangement of 
brush rigging. Arc at outer end of commutator. 
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Fig. 31 


Short circuit on 500-kw., 600-volt, 60-cycle, synchronous converter protected by flash 
barriers and standard circuit breaker after arrangement of brush rigging had been changed. 



Fig. 32 


Short circuit on 50-kw., 600-volt generator. Curve 0, current in outside brush; Curve M 
current in middle brush; Curve /, current in inside brush. 



FlG. 33 [linebaugh and burxham] 


Short circuit on 50-kw., 600-volt generator. Curve 0, current in outside brush; Curve M, 
current in middle brush; Curve I, current in inside brush. 
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Fig. 34 

Short circuit on 50-kw., 600-volt generator. Curve 0, current in outside brush; Curve M, 
current in middle brush; Curve I, current in inside brush. 



Current passed through 50dew 


Fig. 35 


[LINEBAUGH AND BURNHAM] 


600 volt generator from an external source 
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that would take care of all short . . 

buorc circuits expenenced m actual 

service. 

rather' C ° ndltl0nS Jt might be des irable to supplement 
, n replace, appliances already installed or to protect 

rom disturbances other than direct-current load which cause 

flashing. For instance, a synchronous converter could not be 

piotected by a high-speed direct-current circuit breaker if flashing 

is caused by a.c phase displacement. For this reason additional 

pro ec ion, such as barriers, to dissipate the arc when started 

Many different forms of barriers were tried on the 300-kilo- 

increasing success as improvements were 
made to meet failures, the barriers shown in Fig. 19 were evolved 
These barriers gave complete protection from flashover or 
damage on short circuit. Fig. 20 shows machine on short cir- 
ouit giving a good idea of flashing and protection afforded, 

while Fig. 21 shows clearly the small amount of flash which ex- 
tends beyond the barrier. 

mn h °T Sr Sh i rt drCUitS W6re thr0Wn 011 the 300-kilowatt, 
0-volt, 2o-cycle machine without burning of brushes, brush 

connections or rigging, or damages of any kind to commutator 

0r .T h “f 0SdII « F %' 22. *ows a record of c^S 
reaching 34 times full load and gives a good idea of the pro¬ 
tection afforded. Many of these short circuits were applied at 
very short intervals, even as close as one minute apart, without 

failure to hold and extinguish the arc when the breaker opened 
uiic circuit* 

Figs. 23 and 24 are very interesting high-speed pictures of 

’ 6 Sam ® sh . ort circuit analyzed by means of a special high-speed 
camera, devised by Lieut. Chester Lichtenberg, and the success¬ 
ful high-speed pictures we are able to show in this paper are 
mainly due to his efforts. This camera made it possible to ob- 
tam as high as 24 complete pictures of one short circuit, while 
the best results it was possible to obtain with a moving picture 
camera were two under-exposed and therefore indistinct pictures.' 

A little explanation is necessary to read these photographs as 
due to the construction of the camera, the lower right hand 
picture is the first picture of the short circuit; the next picture 
being the one immediately to the left, and so on to the end of 
the plate; the first picture at the right of the the next row being 
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the next picture in the same order and until the end of the plate 
and the number of rows of pictures. These pictures show very 
clearly the growth of the arc, disposition on commutator and dis¬ 
sipation of the arc as the regular breaker opens. These perma¬ 
nent records eliminated the personal factors of memory and 
observation and showed the way for changes to give improve¬ 
ments in barriers. Fig. 25 illustrates very clearly what happens 
if the machine is short-circuited without protection. 

The general arrangement of a successful barrier, Fig. 26, is 
shown herewith. 

A close fitting box of fire-proof insulating material surrounds 
each set of brushes and is located so as to give a small clearance 
between the box and the commutator. 

On the side of the box towards which the commutator rotates 
after leaving the brush is fastened a V-shaped “scoop”, Fig. 27, 
of fire-proof insulating material, preferably having good heat 
conductivity, pointing toward the brush and having small 
running clearance from the commutator. 

Radially above the scopp, about one inch apart, are two 
metal screens, one coarse and one fine mesh, through which the 
arc is successively forced and cooled. 

It was found that a moderate amount of material is required 
to give the necessary thermal capacity to prevent an arc from 
passing beyond a screen of this kind. The scoop running very 
close to the commutator with narrow edge and small clearance 
picks up the arc from the commutator and deflects it into the 
arc coolers which, from their construction, allow free passage of 
all gases generated by the arc. L The cooling and condensing of 
the arc reduces the gas pressure so that shields at the end of the 
commutator, to prevent the arc being thrown from the end of the 
commutator and communicated to pillow block and frame, are 
permissible. It will be noted from the illustrations that the 
commutators extend beyond the end of the barrier as it was 
found that the arc must be prevented from being communicated 
to the end of the bars. 

Investigation was then transferred to a 500-kilowatt, 60- 
cycle, 600-volt synchronous converter and barriers of similar 
type, but without continuous end shields, were tried. 

Tests showed that these barriers did not give protection on 
short circuit although they prevented machine from flashing 
over on very high overload. The high-speed camera record in- 
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dicated that the arc was being thrown to the outer end of the 
commutator for some reason, causing such high gas pressure at 
the outer end of the commutator that the arc was blown under 
the barrier and the machine flashed over. Figs. 28 and 29. 

The differences in performance were ascribed to differences of 
magnetic fields acting on the arc. 

To demonstrate the effect of the magnetic field, various 
arrangements of connections of brush rigging were made, each 
to produce a different field where the arcing occurs. The re¬ 
sults indicate that it is possible to arrange the brush rigging and 
connection to make a barrier, as described above, effective on 
practically all commutating machines and to prevent complete 
flashover. Figs. 30 and 31 show the effects of change in con¬ 
nection on arc distribution, giving the uniform distribution 
most favorable to good barrier performance. 

Other tests were made to record the simultaneous short-cir¬ 
cuit current in the outer, middle and inner 
brushes by the oscillograph. The records in 
Figs. 32, 33 and 34 show typical variations 
of current distribution produced by different 
connections to brushes. The distribution of 
current is principally dependent on the mag¬ 
netic field surrounding the brushes where 
the arc is formed. To show that differences of impedance have 
very little influence, record Fig. 35 was taken with current 
supplied from an exterior source with no flashing. It will be 
seen that current is practically the same in all brushes. With 
some connections the deflection of the arc can be plainly seen "to 
follow the well-known relation, as given in Fig. 36, but with the 
more complicated connections the difficulty of determining re¬ 
sultant field from many sources makes it difficult to determine the 
direction of deflection of the arc except by experiment. 

Direct-current machines for use in * automatic substations are 
being equipped with these barriers and short-circuit tests at the 
substations have been taken, indicating that they will take care 
of any short circuit experienced in actual service. These barriers 
are in operation and short-circuit tests were taken on a 500- 
kilowatt, 600-volt, 25-cycle synchronous converter of the Des 
Moines Electric Railway, Des Moines, Iowa, a 500 kilowatt, 600- 
volt, 60-cycle synchronous converter of the Coumbus Electric 
Railway & Light Company, Columbus, Ohio, and a 500-kilowatt, 



Fig. 36 
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30-cycle, 1200-volt synchronous converter at Montieth Junc¬ 
tion, Michigan, and other installations are now in service. 

The investigations and tests indicate that if any commutating 
machine is equipped with barriers and the last high-speed cir¬ 
cuit breaker described, complete protection will be given against 
external short circuits of all kinds so that interruption to service 
will not be of any greater duration than necessary for closing 

the circuit breaker and main switch as in ordinary overload 
operation. 

See paper by Taylor and Allen, A.I.E.E. Transactions Vol. 34, 1915 
page 1801. 
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Discussion on “Protection from Flashing for D-C. Appa¬ 
ratus” (Linebaugh and Burnham), Atlantic City, 
N. J., June 28, 1918* 

Charles L. Fortescue: I would like to congratulate the authors 
on the fine results they have been able to obtain with a mechani¬ 
cally-operated high-speed breaker. I can assure you, gentle¬ 
men, that to attain a speed of 0.005 of a second on a mechani¬ 
cally operated breaker is no small achievement. The very 
nature of the problem and the materials available set a limita¬ 
tion to the possible speed obtainable. 

I am very much -interested in the subject, because I have 
been associated with various men of our company in a similar 
line of development. In 1911, in association with the late 
Mr. William Cooper, the problem of preventing flashing of rail¬ 
way motors came to my attention. On one of the elevated 
lines in New York City, they were having some trouble with 
flashing of the motors, due to short circuits and it was pro¬ 
posed to prevent it by operating the breakers quickly. Mr. 
Cooper conceived the idea that we could obtain a quick 
operating relay, which would operate the valve in the air-operated 
breakers, depending upon the magnetic energy released due 
to the short circuit. With this idea, we built a relay-trans- 
former. The transformer had a small air gap in it, and we 
depended on the discharge of the magnetic energy stored in this 
gap to operate the relay. With this little device we were able 
to obtain such satisfactory results that we managed to overcome 
our troubles on that particular road. We obtained, as I recall, 
speeds of from 0.025 to 0.030 of a second, and that encouraged 
us to go a step further, and we decided to design a direct- 
operated circuit breaker of the carbon type. The second design 
was a carbon breaker with a magnetic blowout, and it had a 
rather powerful spring, somewhere around 300 or 400 lb. This 
breaker proved quite satisfactory. We were able to get speeds 
down to 0.015 of a second with the latch operated by the trans¬ 
former device. 

Later on I conceived the idea of using a condenser instead 
of a transformer for storing the energy required to operate the 
trip, in other words, we placed the condensers in series with the 
trip coil across the direct-current terminals. When a short 
circuit occurs, there is an initial fall of potential, and this 
discharges the condenser through the trip coil and operates the 
trip magnet. The frequency of the discharge current will 
depend on the capacity of the condenser and the self-induc- 
tance of the magnet. This arrangement was very satisfactory, 
in fact, with a circuit-breaker of very ordinary design, nothing 
very special about it, except it had a rather stronger spring than 
usual, we were able to obtain a speed of 0.011 of a second. 

I would like to take exception to a few points in the authors’ 
discussion of the question of reactors used for retarding the 
growth of current. The problem, as I see it, is not that the 
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choke coil is expensive, it is a balance between the cost of the 
choke coil and the high-speed breaker. As it increases in speed 

before' 5 ft C fs r a b b 1 >n e hi m0r + End f ° re ,ex P ensive ’ and as I P S aid 
before it is a big problem to produce a mechanical device which 

,i always operate satisfactorily at high speed. There is a 

chance of breakage and crystallization of parts, the springs are 

tremendously powerful, m some cases several tons, and the work- 

speed was ^Qmewliei-e around 0.009 of a second. 

was 2S n ° f th 5 6arly test ? referred to in this discussion 
bv Mr Tf time around 1913 in “ Electric Traction ” 

on the “Use' nf L p er < f’ 1914 fu M c’ Yardle y Presented a paper 
h U l of Reactors with Synchronous Converters,” in 

which he showed a set of films that were taken with converters 

them ate lrp th °f n u ° f thSSe braakers ‘ We also have films showing 
machines 7 0Perated with 150 °' Volt ^ect-current 

the SiSiitTremi-“ thes f “echanically-operated breakers 
tne capacity required to operate the tripping device was quite 

in the first breaker we made we were able to onpr^fp 

ve^^tefactoriiy at 500 volts, with , condenser o l-S 

third ;/;‘ ty ■ a * 1500 roIts ''* 1 > condenser of one- 
third of a microfarad capacity. A little later we used a 

It TofvoTan ? + COi1 ’ Wh i° h re( l uires 2 or 3 microfarads 
at OUU volts and still later we have used a tripping- device nf 

descriSd Ch ^ Same pattern as that which th e authors have 

. -Another device that we have used to obtain quick operation 

this device'^the^moulse’^ COll ’+ sbun , t , ed b y the tri P coil. In 
ctcuih occnif r PU se ^ rr t nt i n the tri P coil > wh «n short 
quick^ction operates the breaker enabling us to get very 

acSd onlration “we f C ° ndenser tri PP^ apparatus in 

nnd the L£ td Sen ^ sa?SS y ‘” StcTSSi 

and motors from short circuits on feeder circuite We S?tSd 

be STS ‘ hat T ld be “ ld at a «node„,e p£ce to 
w! L 5® ? r0 i ectl0a of motors > etc., in industrial work 

Riwr Coal breaker installed at the New 

Ser W “e££? so£S S the 2l?£ 
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This is a rough summary of the work'that we have done in 
connection with high-speed breakers. We have not reached 
s P eed as Messrs. Linebaugh and Burnham have obtained 

tote be»%™?sSSt meCh W a b C ? nSlraCtion but lI * S 

railway systemthal facteasel ttodlffleaStiTStn™^ 

tlio short-circuit couclxti T ^^"lth. commutation" during 

tne snoit-circuit conditions. In the early days somewhat 

SStteTntT tSt'e'r 5 f , 600 -™“ JtaS 

mprovements m the commutating characteristics of dirert 
current generators and converters, so that the modern machines' 
with commutating poles, and, for more severe service Sth pole 

service. mdm ^ S ’ “* V<ay rUgged and have S iven satisfactory 

dedmer d more°dfficult^^^d V< th a ^ eS h u made the problem of <*« 
aesigner more aimcult and the resultant increase in flash-mo- 

doubles has required concerted attention on improvements’ 

he authors have described in detail the manner in which thev 

have attacked the problem and outlined the variouTfSns of 

breakers and barriers they have developed after extended 

experimental testing. This method of sohdng the problem Is 

coLideratioS e ’that PO th? d the autbors - when we take into 

consiaeration that the remedy must be applied to existing 

mstatohons. In other words, it may be claJSd as an SSnJi 

■ 1? f P- rm ° f A^ eaker descril:)ed in the paper as being installed 
m the stations of the present electrified zone of the C M & St 

scrim? 6 nmsC^T iS com P licated > ^nd extremely heavy 

spring pressures for rapid opening are used. Such a circuit 

breaker will be subject to relatively rapid deterioration and 

unless kept at the maximum point of efficiencv will alnw ’ 

m its speed, then if it fails to open the circuit before the flashing 
starts, it will be too late to stop it. nasilm £ 

rathermvoktionarv wfet^f Pr f^ m ° f flashing that sounded 
yUTrsri ™* pr^was suggested 

rail wav filld rf?« f 1 ® W ® U k , nown for his work in the 

S r + adlCall £ fr ° m the previous m ethods 

^f , n u g . op ®“Pf or . Smiting schemes and attacked the cause 

of the flashing. It effectively suppresses it while all other schemes 

eff/ct mimmiZe P0ssihilit y of flashin S or reduce the resulting 
The flash suppressor consists of a circuit closer arranged 

Snemte C T*i^tiST” "W 8 . ° f the *ect-c„rrfnt 

Sar to oir3waS e< r r ! ngS ' • ? , 1S tri PP ed in a manner 
oSorv LZ breaker practise with the addition of the antici¬ 
patory feature developed m previous high-sneed cirrnit 

tM s a Seth?d 6 of^r* 10 ^ 8 ' h It f re alS °i feasible to supplement 
this method of tripping by taking advantage of the increase in 

field current under the short-circuit conditions for operating an 
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auxiliary tripping coil. The moving parts are small and 
as it is only necessary to move them a relatively short distance 
the device can easily be closed in from 0.006 to 0.008 sec. 
without using abnormal spring pressures. Higher speed can be 
obtained, if necessary, without undue complication,. but tests 
show conclusively that the flashing is suppressed effectively after 
intervals several times longer, so that it was not considered 
necessary to secure higher speed of operation. 

The flash suppressor really performs a double function; 
first, short-circuiting the collector rings and thus simultaneously 
reducing the voltage between commutator bars practically to 
zero, or, in other words, all of the voltage generated in the wind¬ 
ing is absorbed in that winding so that no difference of potential 
between commutator bars will remain; and second, in reducing 
the field flux. Short circuits such as are applied by a flashing 
suppressor, result in a heavy wattless current flowing through 
the armature winding. The magnetizing force of the arma¬ 
ture .ampere turns opposes that of the field winding and cuts 
down the voltage at the maximum safe rate without opening 
either the field or armature circuit. In this way, the stored 
energy not only of the line but of the machine itself is harm¬ 
lessly short-circuited through the machine and dissipated in 
the armature and field windings. 

During the studies made of this method of suppressing flashing 
numerous tests were made on different types of machines and 
it may be of interest to review some of the more representative 
oscillograms. 

The first oscillogram Fig. 1 shows a direct-current short 
circuit limited by resistance that is typical of a standard direct- 
current generator. The armature current rises to about 13,000 
amperes or about eight times full-load current. The actual 
current obtained was about 60 per cent of the theoretical cur¬ 
rent that would be obtained by dividing the terminal voltage 
by the circuit resistance. The initial rate is about 2500 amperes 
per 0.001 sec. and the current rose to practically its final value in 
the first 0.010 sec. The shunt field current undergoes an in¬ 
crease in value, due to the transformer action between the 
armature and field winding. 

Fig. 2 shows the effect of the application of the flash sup¬ 
pressor 0.006 sec. after a short circuit was applied to the direct- 
current side. In this case, the short circuits were made without 
resistance or reactance of any kind in the circuit. The effect 
on the commutator was confined to a small explosive puff of 
very short duration which did no burning on either the brush 
holders or commutator surface. Many duplicate oscillograph 
records of combined short circuits were made which established 
that the suppression of the flashing was independent of the point 
on the alternating-current wave at which the short circuit 
occurred and that all armature positions give essentially the 
same effect. The longer delays resulted in a somewhat heavier 
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flash at the brushes, but none of them of sufficient duration to 
result in burning. 

Fig. 3 is essentially the same as the previous, differing only 
in the time the operation of the flash suppressor is delayed. 

Fig. 4 gives the results of a test with a compound wound 
generator. 

Fig. 5 shows the alternating current in the three phases when 
short-circuited at full voltage. An analysis of the current of all 
phases indicates that the resultant current rises uniformly in 
magnitude until it reaches its maximum value in one-half cycle 
after the instant of the application of the alternating-current 
short circuit. 

The operation of the suppressor immediately stops any further 
increase in the dire.ct-current short circuit and in the next 
half cycle reduces the current to practically zero. The large 
decrease in the direct current in the entire cycle following the 
application of the alternating-current short circuit is well under¬ 
stood when it is recognized that an armature winding can 
deliver only a definite current on short circuit. This current is 
limited by the electrical constants of the armature winding 
and is not affected by the number of points at which a short 
circuit is applied to the winding. This means that the alternat¬ 
ing-current short circuit is subtracted directly from the direct- 
current output and the decrease of direct current corresponds 
to the building up of the alternating short-circuit current. The 
alternating component disappears when the direct current 
finally settles down to a constant value of about 4times full 
load in about 0.075 sec. 

In the various tests made by short-circuiting the direct- 
current side without external resistance, the short-circuit cur¬ 
rent reaches about 30 per cent of its theoretical short-circuit 
value. In other words, the normal design of high-speed com¬ 
pensated generator would deliver from twelve to fifteen times 
or even as high as twenty times full-load current on direct short 
circuit, that is, the percentage in basing the total on the circuit 
resistance, including the brush contact. 

Fig. 6 is the single-unit type of suppressor consisting essentially 
of a high-speed circuit-closing contactor. With this design, 
a closing time of 0.0045 sec. was obtained. Fig. 7 illustrates a 
design for simultaneously short-circuiting several units, and on 
test, the closing time was between 0.0.06 sec. and 0.008 sec. 
These two photographs illustrate the simplicity of the circuit 
closing device. 

It must be recognized that there are disadvantages in any of 
these special applications and they are only justified where the 
complication is necessary, due to the severity of the service. The 
flashing suppressor will be installed in the substations on the 
C. M. & St. P. Ry. that are being supplied by the Westinghouse 
Company while we understand that the new design of high-speed 
breaker will be installed in the substations that are to be furnished 
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by the General Electric Company. In this way, both methods 
will be placed in actual operation on similar service, and a true 
comparison of the merits of both can be obtained. Engineers, 
generally, will be interested in watching the operation of these 
two types and, obviously such a practical test is of far more 
value than any theoretical discussion. 

H. B. Dwight: I would ask the authors if they will say a word 
or two about the features of design of the brush rigging and 
brush-holder cross-connections required in order to prevent 
the troublesome crowding of the flash-over arc toward one end 
of the commutator, produced under some conditions by the 
magnetic effect of the current in the brush rigging. They 
mentioned, in connection with Figs. 30 and 31, that some 
simple change cured that trouble. . 

. Felix Wunsch: I wish to ask the authors if it would not be 
practicable to insert blank dividing bars into high-voltage 
machines to prevent flashing. 

F. D. Newbury: The authors make the statement that 
“reactors” are of questionable benefit. There is no uncertainty 
as to the effect of reactance. It is simply a question of the 
reactance voltage generated under the conditions obtaining in a" 
particular case. At the first instant of short circuit, the rate 
of current increase is high, and a considerable opposing, voltage 
is generated in the reactance. As time progresses, the rate of 
current increase falls off, and the reactance voltage correspond¬ 
ingly decreases. Finally, when the current reaches its steady 
value, there is no reactance voltage opposing it. Thus all 
that reactance does is to reduce the rate of current increase; 
that is, to reduce the slope of the current curve. In Figs. 13, 
14, 15, the current curve has practically reached its steady 
value before the circuit-breakers started to open. Obviously, 
in these cases the reactance coil used had no effect at the time of 
circuit opening except that due to its resistance, a very appreci¬ 
able effect, however, in Figs. 13 and 14. 

In comparison with these results, I wish to show two oscillo¬ 
grams taken from a paper presented before the Institute by 
Yardley in 1914.* These oscillograms were taken in June, 1912, 
just six years ago,^ on a 600-kw., 1500-volt, 60-cycle synchro¬ 
nous converter unit, consisting of two 750-volt converters in 
series. These machines, by the way, represented the first 
application of 60-cycle synchronous converters to 1500-volt 
railway service. They did not have commutating poles which 
accounts for the relatively low current values at which they 
flashed over. 

The first oscillogram shows results with reactance and a stand¬ 
ard circuit-breaker. The current reached its final value of 

*“Use of Reactance with Synchronous Converters’' by J. L. McK. 
Yardley, A. I. E. E. Trans., 1914, Vol. XXXIII, Part II, p. 1521, 
Figs. 15 and 16, 
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about 2500 amperes before the breaker opened, and the converter 
flashed when the circuit-breaker tripped. The second oscillo¬ 
gram shows the same conditions, except that a much quicker 
acting circuit-breaker was used. The circuit breaker opened 
in time to limit the current to 1000 amperes and the converter 
did not “buck/’ 

From these cases it is clear that the function of reactance 
is to delay the rate of current increase. This is of value only 
when the circuit breaker opens before the current reaches a 
steady value at which time the reactance becomes ineffective. 

The statement is also made that a generator or converter will 
often safely carry loads that will cause flashing when the 
circuit breaker is tripped. This statement has been con¬ 
firmed in several installations that I am familiar with, 
and its truth is also shown by the oscillograms in Yard- 
ley’s paper. The converter did not flash until the circuit 
breaker tripped. The point of practical importance to the 
operating engineer is that circuit breakers should be set so that 
feeder breakers trip before machine breakers, and the latter 
should trip only when absolutely necessary. 

In Fig. 5, the line voltage curve drops to a low value at the 
instant of short-circuit, and when the current begins to decrease, 
the voltage begins to rise. So far, the action is reasonable, 
but beyond this point the voltage does not increase above 
half normal, even though the current falls to zero. Unless 
something abnormal happens, the voltage returns to normal 
when the breaker opens the circuit, as shown in Fig. 14. How 
is this voltage curve to b e explained? 

In Fig. 15, there is also a falling voltage curve co-incident 
with the falling current curve. This also calls for explanation. 

The two parts of Fig. 18 are interesting in this same connec¬ 
tion. In the left-hand curve, with 0.03 ohm in circuit, the 
current reached 5640 amperes and only a small temporary 
dip in armature voltage results. In the right-hand curve, on 
dead short circuit, the current rises to 7670 amperes, and the 
voltage does not return to a steady value until a considerable 
time after the current drops to its minimum value. What 
caused this voltage disturbance? 

Fig. 22 illustrates a short circuit on a 300-kw., 600-volt 
converter, equipped with flash barriers and standard circuit 
breaker. The direct-current voltage (after the short circuit) 
becomes alternating, caused apparently by the converter 
dropping out of step. Was this the case? The value of cur¬ 
rent given in this oscillogram also calls for explanation. 

In Figs. 13 and 14, the load circuit of the converter is closed 
through a reactor having a resistance of approximately 0.025 
ohm (1000 ft. of 500,000-c.m. cable), . The current practically 
reaches its steady value before the circuit breakers opens, so 
that only the resistance of the coil is effective. The oscillograms 
show that the armature voltage (using collector-ring voltage) 
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drops to about 80 per cent of its initial value at the time of 
maximum current. Using these data, the resistance of the 
complete circuit is approximately 0.105 ohm and the resist¬ 
ance of the converter circuit is 0.08 ohm. 

In Fig, 22, the converter is short-circuited. The collector¬ 
ring voltage falls to approximately 60 per cent of its initial value 
at the time of maximum current. Using this voltage and the 
current of 17,100 amperes, the effective resistance would appear 
to be only 0.02 ohms, or one-fourth the value derived from Figs. 
13 and 14. 

In Fig. 31, showing the behavior of a 500-kw., 60-cycle converter 
under the same condition as the 300-kw., 25-cycle converter, 
Fig. 22, the 'current is less than in the smaller converter, 
although it is reasonable to expect that the resistance in 
the larger machine would be materially lower. Apparently 
this 500-kw. converter flashed over—the alternating-current 
voltage as well as the direct-current voltage falling to zero— 
and the converter apparently dropped out of step. 

The various methods of protecting commutating machines 
against flashing are valuable under conditions justifying their 
use *. Their advantages are not secured without counter-bal¬ 
ancing disadvantages. High-speed breakers are expensive, 
and barriers considerably decrease the accessibility of the 
commutator and brushes. 

In general, higher direct-current voltages—1500-volts and 
higher—require protection from flashing. I question whether 
the usual 600-volt installation requires either high-speed 
breakers or barriers, or that these measures should be employed 
in preference to the usual protection afforded by a proper 
disposition of feeder taps. There is no justification, in the 
usual case, for locating taps immediately at the substation. The 
increase in losses caused by omitting taps at the substations is 
negligible. 

In this connection, it should be remembered that feeders 
are usually connected to the trolley wire every thousand feet. 
Omission of one or two taps nearest the substation only affects 
appreciably the losses for that part of the energy used in that 
section, which obviously is a small part of the total energy. 
The protection provided by a proper disposition of tap is secured 
at a lower cost, considering cost broadly, than by the methods 
discussed in the paper. These more elaborate methods, while 
exceedingly valuable in extreme cases, should be used with 
discrimination. I would like to have the authors’ opinion on 
this point: Do they advocate the general use of the barriers 
they have described on 600-volt converters, and are they now 
indifferent to the location of taps? 

W. F. Dawson: The photographs appear to show that all 
of the flashing is the result of excessive sparking of the brushes, 
and that it all starts at the edge of the brush, and no flash starts 
m between the brushes, as might possibly be expected, due to 
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the distortion of the. main flux wave shape, with consequent 
very high potential between adjacent commutator bars under 
the edge of the leading pole. 

J. F. Tritle: Fig. 8 illustrates the general scheme of opera¬ 
tion of the second form of high-speed breaker. . This breaker 
is radically different from the first form in that all mechanical 
latches and devices of that kind are entirely eliminated and 
the breaker, instead of being tripped mechanically, is tripped 
electrically. F l and F 2 represent a laminated field structure some¬ 
thing like that of an ordinary alternating-current magnet. The 
poles of F l and F 2 are bridged by a very light armature A pivoted 
at P which is held in contact with the field by a shunt coil S 1 en¬ 
ergized from any convenient direct-current source such as the ex¬ 
citer circuit or the main bus. A series bucking bar S 2 which 

* -!—positive Bus 



electrically trips the breaker is located between the poles of the 
field magnet in a plane perpendicular to the plane of the lamin¬ 
ations and in very close proximity to the armature, so that a given 
current flowing in it produces a maximum change in the arma¬ 
ture flux with a minimum change in the flux interlinking the 
shunt winding S L . The tension spring attached to the armature 
provides a means of adjusting the breaker, and also gives the 
high-speed opening of the contacts. The main contact tips C l 
and C 2 are of the solid copper type used so successfully on 
railway contactors. The blowout coil S is of the series type 
and designed to give a very intense magnetic field at the contacts. 

Assume that it requires 2000 ampere turns in the holding 
coil to hold the armature in contact with the field with 0 current 
in the bucking bar and it is desired to set the breaker to trip on 
2000 amperes. The current in the holding coil is simply 
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adjusted to give approximately 4000 ampere turns by means of 
the calibrating rheostat R 2 , and it is obvious that the armature 
will release as soon as the flux from the series bucking bar 
neutralizes or offsets the additional 2000 ampere turns of the 
shunt coil. If a short circuit occurs on the line or across the 
terminals of the machine the current may rise to several times 
the normal tripping point in which case tlie flux in the armature 
will be reduced to a very small value or even reversed. This 
condition gives the maximum speed of operation, because the 
armature starts to move at the instant the flux is reduced to 
normal drop-out value and by the time the flux reaches zero the 
armature is moving at a fairly high rate of speed. Several 
hundred short-circuit tests on three sizes of machines proved 
that owing to the steep pull curve and high-speed characteristics 
of the armature there is no danger of it pulling back in, due to 
the maximum currents in the series bucking bar, as might 
appear possible at first sight. 

The speed of the breaker is even faster than the first form of 
breaker. On dead short circuits on 600-volt machines the 
contacts O and C 2 break contact and begin to cut in the resis¬ 
tance R 1 in about 0.003 sec. from the start of the short circuit. 
The contacts are apart far enough in 0.0045 sec. to measurably 
reduce the rate of current rise, and the maximum peak occurs 
and the current starts down in a little less than 0.006 sec. The 
oscillograms of Fig. 18 show the current starting down in 0.0053 
seconds. 

H. E. Trent: With regard to the high-speed breaker shown 
in Fig. 4, it would he of interest to know the proportion of 
time taken to operate the different parts of the breaker on a 
short circuit, viz: 

(1) From time of short circuit to releasing of latch. 

(2) From time of short circuit to opening of main contacts. 

. A circuit breaker designed for such exacting service, one 
imagines, would require fairly frequent renewals with regard to 
arcing contacts, even taking into consideration the powerful 
magnetic blow-out provided. 

The operation of the silver fuse with magnetic blowout coils 
is very satisfactory in point of speed, and it would be of interest 
to know, if information is available, as to how the shape of the 
fuse influenced the speed of opening the circuit and whether the 
authors made similar tests with higher d-c. voltage. 

Before replying, there is one question I 
would like to ask Mr. Fortescue, and that is how they measured 
the time of the three breakers mentioned, i. e., are intervals 
measured the same as defined in our paper? In the case of the 
breaker described by Yardley several years ago I remember he 
said m his paper that the breaker flashed over (probably due to 
inductance in circuit for protection) and I do not know that the 
breaker was ever put in commercial operation. In reference to 
he impulse method of quick tripping, I think you "would have v 
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the breaker doing things you did not want it to do, because it 
would depend on the rate of increase of current rather than 
actual value of current as to what it would do. 

Mr. Hanker mentions possible deterioriation of the first type 
of circuit breaker we described and stated had been in successful 
operation over one year. Would add that the maintenance has 
been very low, and the adjustments have been of very minor 
importance. In addition severe factory endurance tests were 
made and none of the performance confirms his prediction. 
However, the second type of breaker described, which is a later 
development, is the one that we will now recommend on account 
of its greater simplicity and ruggedness. 

In reference to the short-circuiting scheme of protection for 
killing the voltage, as described by Mr. Hanker, we still have to 
learn how this works out in actual service operation. In describ¬ 
ing the trial switch he states that it is made up of light parts and 
has short movement. It may be found that the parts will have 
to be strengthened or enlarged for greater movement to meet 
service requirements and the resulting added weight would 
decrease the speed. 

This method of suppressing flash-over has certain objections. 
The short-circuiting of the machine after every disturbance 
makes it essentially not universally applicable. That is, it 
cannot be used on converters as it would short-circuit the a-c. 
system; it cannot be used on individual feeders; it cannot be 
used to protect individual machines in parallel,—it must protect 
the station as a whole, which seems to be its particular applica¬ 
tion; it is difficult or impossible to apply it to old machines; 
every operation (additional short circuit) gives a maximum 
shock to the apparatus; killing the voltage by this method may 
cause a comparatively long interruption to service; the addition 
of collector rings and brushes to a direct-current machine 
involves added risk, especially on the higher voltage machines, 
and increase in cost of maintenance. There will also be certain 
losses with these collector brushes, which will decrease the effi¬ 
ciency. A machine equipped with rings is inherently longer. 
Instead of limiting the rise of current in the armature it adds 
thereto; regardless of magnitude of short circuit or distance 
from substation, maximum short circuit is thrown on adjacent 
substations when suppressor operates; an impulse from a distant 
short circuit or moderate but sudden increase of load may trip 
this type of breaker which subjects the apparatus to maximum 
strains that are not at all commensurate with the original load. 
It may even be possible for a short circuit in one station to cause 
adjacent stations to be short-circuited by their flash suppressor 
and so on until all substations are out of service. For comparison 
of the two methods of protection would refer you to the last 
paragraph of our paper. 

Answering Mr. Dwight, as to the arrangement of brush holder 
connections, it involves the question as to whether the brushes 
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are ahead or behind the stud that carries the current from the 
brushes, and also whether the connections are taken from one 
end of the commutator or the other, and I think if he will refer 
to the part of the paper dealing with the magnetic conditions 
and forces which affect the arc that it will explain in a general 
way what he desires to know. There are many combinations of 
conditions affecting the direction of flashing. 

In reference to the placing of alternate “dead” segments 
between the. regular commutator segments, suggested by Mr. 
Wunsch, it is, of course, equivalent to doubling the width of 
mica between segments. . There may also be some cooling action 
of the dead segments which would tend to decrease any sparking 
that occurs. This might increase slightly the load that a machine 
could, cany without flashing over. If this arrangement is 
effective it must be at the expense of increased diameter of 
commutator with corresponding increase in speed. The same 
increase in size of commutator, if possible, would also reduce the 
tendency to flash if the “dead bars” were not used. 

. In reference to Mr. Newbury’s remarks on the various curves; 

no ^ e .^ the curves referred to are made under 
different conditions, that is, in the case of the generators, we had 
the voltage killing device operated by a main slow breaker which 
inserted resistance in series with the field after the slow breaker 
was tripped. The slow, breaker, of course, operated after the 
fast breaker which explains the decrease in d-c. voltage in Fig. 5. 
Then, some of the tests were taken with barriers, and others 
without barriers and some with slow-speed breakers and others 

with high-speed breakers and also with many combinations of 
protection. 

. was given only to show the rise in voltage across the 

circuit breaker when reactance is in circuit. The breaker was 
tripped by hand. 

Fig. 15 is a record in which the breaker did not trip. The 
reactance reduced the synchronizing power of the converter 
enough to cause it to gradually drop out of synchronism and 
tlius reduce the d-c. voltage. The total time was very short as 
indicated by the 2534~ c ycle timing curve. 

In Fig. 18 the disturbance in voltage was caused by some 
tendency to flash, but complete flash-over did not occur as,will 
be seen by the record of current which was reduced by insertion 
of resistance connected across the high-speed circuit breaker. 
Ihe complete record shows the voltage back to a steady value in 

The short circuit recorded in Fig. 22 shows that the converter 
pulsated and reversed polarity to small values. When it became 
steady the polarity was correct. 

comparison of short-circuit values of current 
on tne 500-kw. commutating-pole machine and the 300-kw. 
non-commutating pole machine, I believe there are too many 
variables m the transient phenomena to arrive at true values of 
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internal resistances especially when the current is sufficient to 
throw the machines temporarily out of step as shown in Figs. 
22 and 31. Considerable variations in values are obtained on a 
given machine even under apparently the same conditions. 

The apparent discrepancy in resistance values of armature . 
resistance as calculated by Mr. Newbury from data in Figs. 13, 
14 and 22, is due to assuming resistance as of one protective coil 
only. It will be noted that the text refers to coils and there 
were actually three coils used in the test. This will bring the 
values of armature resistance into reasonably close agreement 
considering the rough method of determination. 

I endorse Mr. Newbury’s suggestion that the operating com¬ 
panies should not tap their feeders into the trolley less than 1000 
feet and preferably further from the station. That is the 
simplest form of protection and in the majority of cases would 
make the equipment much more reliable. I would much prefer 
this method to using the other means which have been described, 
if it proves suitable in any individual case. 

Mr. Dawson asked the question whether the arc always starts 
at the edge of the brushes. The high-speed photographs seem 
to indicate that this is generally so. In two instances out of 
many trials a converter flashed back of the brushes at a point 
where no protection had been provided. This shows, I think, 
that the conditions back of the brush are favorable for supporting 
a flash but the direction of motion of the commutator causes the 
arc to form and be carried around with it from the front of the 
brush. 




Presented at the 3 4dh Annual Convention of the 
American Institute of Electrical Engineers 
Atlantic City, N. J. t June 28, 1918. 


Copyright 1918. By A. I. E. E. 


THE AUTOMATIC HYDROELECTRIC PLANT 


BY J. M. DRABELLE AND L. B. BONNETT 


Abstract of Paper 

The automatic hydroelectric generating station of the Iowa 
Railway and Light Company at Cedar Rapids, Iowa, is a radical 
step in advance in the elimination of operator’s wages in a sta¬ 
tion of appreciable size, without sacrificing complete control. 

This station consists of three 400-kw., 500-kv-a., 60-rev. per 
min., 2300-volt, vertical generating units, tied in to a system, of 
which the main generating station contains about 20,000 kv-a. 
in steam turbo-generators. One striking feature is the entire 
omission of the usual governors, the waterwheel gates being 
motor driven and controlled by contact-making ammeters. Each 
unit has its individual control panel, consisting of the necessary 
contactors and relays to connect it to the bus at the proper time. 
A motor-driven drum controller gives the proper time element 
between the different steps in the operation of placing the gen¬ 
erator on the line. Any generator can be started either by a 
float switch when the pond level reaches the proper height or by 
a remote control button in the steam station. The starting of 
the fi^st generator throws on the line the motor of one of the two 
exciter sets, and the generator cannot be connected to the bus 
until the excitation voltage has reached the normal value. The 
waterwheel gates are then partly opened and the generator comes 
up to approximately normal speed. It is then connected to the 
bus without field through an iron-core reactance. Then a weak 
field is applied. Next it is raised to full normal value, and then 
the reactance is short-circuited. The contact-making ammeter 
opens the gates to full gate opening and the generator then car¬ 
ries full load in about 40 seconds after either the control button 
is closed or the float switch is closed. 


O N October 2nd there was placed in operation at Cedar 
Rapids, Iowa, the automatic hydroelectric plant of 
the Iowa Railway and Light Company. This plant repre¬ 
sents a further development of the automatic substation first 
described in a paper by Messrs. Allen and Taylor in the A.I.E.E. 
Transactions, Volume XXXIV, Part 2, page 1801. 

The station operates with no attendant and the different 
generating units start or stop, depending on the flow of the 
river or can be started and kept running by remote control 
from the main steam station, as. described in detail later. 

The. building is 112 ft. (34.13 m.) long, 41 ft. (12.49 m.) wide 
and has a depth to rock bottom at the bottom of the draft. 
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tubes of 37 ft. (11.27 m.). The substructure « n f 

the superstructure is 30 ft. (9.14 m) high above thT^T 

table of the building and is constructed n il !, r r 

The interior of the t -m- ? on f td of Bedford Limestone. 

floor n red tik Tit ^ “ yelIow brick aad the 

noor m red tile. The exterior is shown in Pigs. 1 and 2. There 

two-ph^e^sOOvolt 00 ^^' 80 Per C6nt P ower factor, 60-cycle 
wo phase, 2300-volt, 60-rev. per min. generators, of the ver¬ 
tical type. They are driven by waterwheels rated 540 b h p 
60 rev per mm. under a 10 ft. (3 m.) head, the operating head 
varying from S ft. (2.43 m.) to 11 ft. (3.35 m.). The ^nnis are 
of the Francis type, having a diameter of 171 in. (4.33 m) 

top suppSd d ^ ent , iS h SUPP ° rted by a thrust bearing at the 
shaft. P d h 01 by a PUmp driven from the generator 

The dam consists of nine spillway sections, each 60 ft. (18 28 

“iSot fla “' the total 

S . (182.88 m.). The dam is shown in Fig 3 
There are two General Electric Induction motor-driven 
exci er sets rated 100-kw. 125-volts each capable of carrying 

? n T t tb v otai ■ t. sj 

ui lour generators. The motors are rated 150-h o 2300 volt 
two-phase, 60-cvcle I 9 fin volt, 

to be started h! S ’ 12d °‘ rev - P er mm - and are designed 
to be started by the application of full voltage at standstill. 

e p ant is designed to operate in parallel with the 19 000 

Su Z tarb °-r emti ” 8 stati °" ° f the 

S Soo St T? Pla ”‘ bei ” S locaM “ * *taace 

, k -84 m.) from the hydroelectric plant The 

stations are tied together by one underground line consisting 
of two 600,000-cir. mi,, two-eonductor, concentric 
varnished cambric, lead-covered cables ^ 

The different generating units may be started and stormed 

levtunThr^ Uy> d6pending 0n the rise or f ad of the water 

wh^r^i ™ CO To r ac fr0m , tl r T” S “ i0 ” 
beneh * +• 7 i eeded * To accomplish the latter, a 

plant. b o"tSS XenerU; 

xxrwirbeXaSrir^r” 8 '^ 

between the stations areXed “l-X Z7 

covered cable consisting of fifty No. 12 and four No. B & f 
rubber-covered wires. x 

The same benchboard contains for each generator an in- , 
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Fig. 1—Exterior of Station—Front View 



Idrabelle and bonnett] 

Fig 2—Exterior of Station—Rear View 
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Fig. 3— Locks on Cedar River at Cedar Rapids 
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Fig. 4—Interior of Station 
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Fig. 5—Control Board at Steam Station 
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Fig. 6—Drum Controller 
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Fig. 7—Relay Panel 
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Fig. 8—Wiring Back of Relay Panels 
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Fig. 9—Contactor Panel 
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Fig. 10—Exciter Control Panel 
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Fig. 


■Gate Control 
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Fig. 12 Reactor and Bus 
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dicating ammeter (150-ampere scale) and wattmeter (600- 
kw. scale), there being no instruments in the hydroelectric 
plant. The leads for these meters from the current trans¬ 
formers in the hydroelectric plant are bunched in an eleven 
conductor, No. 4, lead-covered cable. These leads are wired 
through calibrating terminals at the hydroelectric plant so 
that portable meters can be wired in if desired at any time. 
The lower row of instruments on the benchboard is a total¬ 
izing equipment, reading the total incoming power from the 
hydroelectric plant. This consists of two ammeters, a power 
factor indicator, an indicating wattmeter, a curve-drawing 
wattmeter and a watthour meter. 

The waterwheel gates are not supplied with the usual hydrau¬ 
lic governor; but instead the opening and closing of the gates 
is obtained by a 5 h. p. induction motor through suitable re¬ 
duction gearing. The gear ratio is such that it requires 25 
seconds for the gates to completely open, starting from rest 
in the closed position. The motor is equipped with a solenoid 
brake which releases when voltage is applied to the motor. 
This prevents overshooting by quickly stopping the motor 
after the power supply is interrupted. Each gate mechanism 
is equipped with a contact-making device operating indicating 
lamps on the benchboard at the Sixth Street station, showing 
the exact amount of gate opening. 

The correct sequence of operations in the control of each 
generator is obtained by properly placed segments on the 
drum of a controller which is driven by a single-phase one 
h. p. repulsion-type motor. This controller definitely deter¬ 
mines the proper time spacing between the different steps 
of starting the unit and connecting its generator to the bus. 
One of these is shown in Fig. 6. 

The contactor equipment and protective relays are mounted 
in cabinets as shown in Figs. 7, 8 and 9. Fig. 8 shows the wir¬ 
ing back of the panels. 

For controlling the exciter sets, two oil-immersed contac¬ 
tors are used, also a double-throw, triple-pole switch, which 

connects either one or the other of the exciters to the exciter 

* 

bus. The middle blade of this switch selects the proper con¬ 
tactor for starting the exciter set which is connected to the 
excitation bus. This equipment is shown in Fig. 10. At 
the top of the cabinet will be noticed a small induction motor. 
This carries a centrifugal device on the end of the shaft which 
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in case the frequency of the system rises to 64 cycles, will open, 
and shut down the plant, thereby preventing runaway. 

The units have individual float switches set for slightly 
different levels. If the water rises to a certain level it closes 
the float switch of the first unit, and that machine is started 
and put into service. If the flow of the river is such that the 
water continues to rise the second float switch closes, starting 
the second machine. The third switch is set still higher. The 

machines are shut down in the reverse order as the water level 
falls. 

In general the sequence of operation of each generator is 
as follows: The closing of the float switch or the proper re- 
mote-control button in the steam station, starts the exciter 
set (provided it has not already been started with another gen¬ 
erator), -and opens the waterwheel gate. When the generator 
comes up nearly to synchronous speed, it is connected to the 
bus without field but in series with a 20 per cent reactance. 
A weak field is then applied pulling the machine into syn¬ 
chronism. The field is then strengthened to full field, the re¬ 
actance short-circuited and the water wheel gates opened to 
carry full load on the unit. 

The generators operate with a fixed excitation adjusted 
for normal full-load value. If the water level is so low that 
with full gate opening normal load cannot be obtained, the 
generator, due to its high excitation, takes care of part of the 
wattless kilovolt-amperes of the system. The speed and voltage 
are, of course, determined by the steam turbine generators. 

Details of Operation 

Detailed operation of this automatic equipment is as fol¬ 
lows, referring to the wiring diagram: 

Connected to the 2300-volt bus there are two small trans- 
ormers stepping down to 220 volts, two-phase, for an opera- 
mg bus. One phase is taken from this bus through the 
double pole switch No. 29, for controlling the contactors 
o each generator equipment. In the line between these trans- 
ormers and the 220-volt bus there is an emergency throw- 
over switch which in case of failure of voltage on either phase 

is thrown over by a spring to a separate source of power brought 
m from the other station. 

T ^e closing of float switch No. 1, as shotfn on the right- 
hand side of the drawing, or control button No. 3 in the steam 
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station, closes contactor No. 4 provided that control button 
No. 2 is also closed. This energizes segment No. 14 of the 
controller. Segment No. 17 is in contact with its fingei and 
a circuit is completed through the coil of contactor No. 6 , 
which starts the motor driving the drum controller. A cir¬ 
cuit is also made at No. 16 through the contacts of relay No. 
41, which is not energized, through the coil of the contactor 
No. 5, through the contacts of relay E, the inverse-time relays 
No. 5 and the thermostat relay No. 10. The thermostat re¬ 
lay is connected across one phase of the control circuit and is 
of course, picked up if all the thermostats are closed, indica¬ 
ting that there is no overheating. Relay E is connected 
across the other phase and is picked up unless the frequency 
of the bus exceeds 64 cycles. Contactor No. 5 now closes ener¬ 
gizing segment No. 1 of the controller. A circuit is now made 
through segment No. 2 picking up relay No. 42. Either one 
or the other of the two exciters sets’can be started, depending 
on whether the switch K is closed up or down. The picking 
up of relay No. 42, completes the circuit through switches No. 
28, which are closed, through the coil of contactor G, throwing 
full 2300 volts on the stator of the induction motor. 

Contactor No. 43, with its coil across the armature of the 
exciter, short circuits with its contacts the field rheostat until 
the exciter voltage is built up to 75 or 80 volts. The set comes 
up to speed and the voltage up to normal very quickly and 
the d-c. voltage relay No. 11 picks up. The holding circuit 
of contactor No. 5 is now closed through this low-voltage relay 
No. 11, the lower interlock of contactor No. 5 and through 
segment No. 15-A, so that No. 5 stays closed after No. 16 has 
left contact unless the exciter voltage drops. 

In the meantime, the controller has been rotating and a 
circuit is made through finger No. 3 to the middle of point of 
relay No. 20. As the generator is not connected to the line 
there is no current flowing in the contact-making ammeter 
No. 21 and its contacts are closed in the up position. If No.l 
button in the steam station is closed the left hand side of relay 
No. 20 is picked up. The energizing of finger No. 3, therefore, 
completes the circuit through the coil of contactor N 0 .I 8 -A, 
which starts the gate motor in the proper direction for opening 
the gate of the waterwheel. Finger No. 3 is in contact a definite 
length of time which is sufficient to give a gate opening on the 
waterwheel of such amount that the no-load constant speed 
would be about 65 or 70 rev. per min. 
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The controller motor has been receiving its energy through 
contact No. 6 held closed by finger No. 17. This finger next 
comes to the break in its segment and the controller stops in 
this position, waiting for the generator to come up to speed. 
On each generator there is a centrifugal device No. 13, set to 
close at about 55 rev. per min. that is, five rev. per min., be¬ 
low normal. When this switch closes, a connection is made 
from finger No. 17-A to No. 19 and through the controller to 
No. 18 to contactor No. 6, starting the controller again. 

The gate opening is such that the generator is slowly rising 
in speed, so that by the time the segment No. 4 on the controller 
comes into contact, the speed is approximately normal. This 
segment closes contactor No. 23 connecting the generator to 
the bus without field and with a reactance in series. Finger 
No. 5 next closes the field contactor No. 24 putting a weak field 
on the generator and pulling it into synchronism. Finger 
No. 6 then closes contactor No. 40, short-circuiting a part of 
the field rheostat, thus strengthening the field to full normal 
value. Finger No. 8 closes contactor No. 39, short-circuiting 
the reactance. In the meantime finger No. 3 has come into 
contact again and the contact-making ammeter No. 21 opens 
the gate until the current of the generator is up to normal value. 

The generator is now properly connected to the bus and 
carrying full load. Finger No. 17 comes to the second break 
in its segment and controller stops in the full running position. 

The equipment can be shut down in several different ways. 

If the pond level falls, due to the fact that the demand for water 
is greater than the flow of the river; float switch No. 1 will 
open. If it is desired that the steam station shut down and 
start, from the water level, button No. 4 Will be open and the 
opening of both this button and the float switch will trip con¬ 
tactor No. 4. If it is desired to shut down any generator and 
prevent its starting again, button No. 2 in the steam station 
should be opened, thus also tripping contactor No. 4. This 
de-energizes segment No. 14 of the controller which in turn 
drops out contactor No. 5. This de-energizes segment No. 1 
and drops out all other contactors connecting the machine'to 
the bus. When contactor No. 5 drops out, the upper inter¬ 
lock makes a circuit through segments No. 19 and 18, picking 
up contactor No. 6 and running the controller to the off position 
The middle interlock of contactor No. 5 is also closed, ener¬ 
gizing contactor No. 18-B and closing the waterwheel gate. As 














1918] THE AUTOMATIC HYDROELECTRIC PLANT 1373 

the controller rotates to the off position fingers No. 20 and 21 
are bridged. These contactors are in parallel with the middle 
interlock on contactor No. 5 to give additional contact surface. 

Connected to the operating bus is a one-h. p. ;two-phase 
motor driving a speed-limit device which opens its contacts 
when the speed exceeds 64 cycles. If for any reason, the hydro¬ 
electric plant becomes separated from the steam station, the 
generators will, of course, speed up increasing the fre¬ 
quency of the bus. This in turn will trip the speed-limit device 
D, dropping out the four relays E, which in turn drop contac¬ 
tors No. 5 on all generators. This drops out all other contac¬ 
tors, and as the bus voltage then drops to zero the automatic 
throw-over switch No. 46 connects a separate source of power 
to the control bus thus furnishing energy for closing the gates 
of the water wheels to shut down. The wiring is so arranged 
that the relays E and No. 10 are connected outside this throw- 
over switch so that the generators cannot be started until the 
main cable between the station is re-energized. 

If for any reason the generators have gone above speed and 
the main tie cable has been re-energized, relay No. 41 which 
is picked up whenever the centrifugal switch on the generator 
is closed, prevents the picking up of contactor No. 5, until the 
speed of the generator has dropped to a value somewhat be¬ 
low normal. This prevents the generator from being thrown 
on the line again when running at a considerable speed above 
normal. 

The foregoing description covers only one generator; but 
also applies equally to the other generators. Each controller 
has a relay No. 42 so that the exciter can be started from any 
controller; that is, any generator can be started first and its 
controller starts the exciter. 

The steam station is equipped with control buttons so that, 
if desired, the gate opening, and therefore the load on the hydro¬ 
electric generators, can be controlled from that place. The 
ammeter control is cut out by opening button No. 1. 

Tests 

A considerable number of tests were taken to determine 
what would happen in the automatic equipment in case of 
incorrect operation of the control buttons, or failure of some 
part to operate correctly. 

First, one of the No. 1 control buttons was opened and the 
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load on the generator controlled by hand. It was found im¬ 
possible to overload .the generator, even with the gate opening 
to the full amount allowed by its limit switch. Button No. 1 
was then closed, putting the ammeter again in control, and 
at the same time the operator tried to control the load from 
the gate control buttons. It was found that he could increase 
or decrease the load as desired; but when the hand control but¬ 


ton was released the ammeter returned the load to the proper 
amount determined by its setting. 

Buttons No. 2 and 3 were opened and immediately reclosed. 
The opening of these buttons tripped out all contactors and 
started the gate motor closing. The reclosing of the buttons 
caused the controller to rotate but since the generator was 
running at normal speed or a little above, relay No. 41 was held 
up and contactor No. 5 could, therefore, not pick up. This 
prevented any other contactors from closing. The controller 
made about one and one-half revolutions before the generator 
speed dropped so that relay No. 41 could reset. The next 
time around the controller picked up contactor No. 5, and went 
through the usual sequence of starting. This proved that 
if the operator accidentally opened one of these buttons and 
immediately closed it again, the generator would not be thrown 
immediately back on the bus, but would go through its proper 
sequence of operations. 


In the steam station there is a voltmeter connected on the 
hydroelectric side of the oil switch. We next tripped this oil 
switch and found.that the voltage dropped to zero in about 
two seconds, indicating that in this time the contactors in 
the hydroelectric plant had all tripped out, thus clearing the 
generators from the bus. Upon tripping of this oil switch 
the generators lost their load and tended to run away Within 
the two seconds mentioned the speed-limit device Trips relay 
E at 64 cycles and all contactors drop out. The automatic 
throw-over control switch connects the separate source of 
power to the control bus and the dropping out of contactors-No. 
o c oses the water wheel gates. We did not read the maximum 
speed reached, but it was very apparent from watching the 
machines that the speed rose to not more than 20 to 25 per cent 

a U 2 n< f™ aL The actl0n of the gate is quite rapid and the 
mertia of the machines is such that the gates closed before the 
wheels had time to accelerate seriously. 

With the generator running under load we shut down the 
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exciter set. The armature current of the generator immediately 
increased and the contact making ammeter started to close the 
gate. The contactors connecting the generator to the bus 
dropped out, due to the tripping of the direct-current, low- 
voltage relay No. 11, which dropped because of the failure 
of the exciter voltage. The generator, after loss of field, broke 
from synchronism and tended to run above speed, but the con¬ 
tact-making ammeter had already closed the gate far enough 
to prevent serious overspeed, and the drop out of the con¬ 
tactors completed the closing. 

Since the hydroelectric plant has been put into regular oper¬ 
ation, the exciter in the main steam generator station failed 
one day. The load on the system, of course, was much greater 
than the hydroelectric plant could carry by itself, so that this 
plant should shut itself down and clear from the steam plant. 
As soon as the exciter voltage in the steam station began to 
drop the current of the hydroelectric generators, of course, 
rapidly rose and the contact-making ammeters started the 
closing of the waterwheel gates. Before the voltage dropped 
too low, the ammeters had almost completed the closing of 
the gates. All contactors dropped out because of low voltage, 
disconnecting the generators from the bus. The hydroelectric 
plant was ready to start again upon return of voltage on the 
tie cable between the two plants. 

One of the accompanying illustrations shows an oscillogram 
taken of the starting conditions. This oscillogram is ma rked, 
showing the different contactors operated. The first part 
of the film shows the generator connected to the line without 
field. Next a weak field is applied, pulling the machine into 
step. The field is then strengthened to normal. There now 
seems to be a tendency for the current to pulsate, presumably 
caused by the heavy 20 per cent reactance in series with the 
machine. The short-circuiting of this reactance quickly stead¬ 
ies the current into a stable condition. The wave shown at 
the end of the film is something less than normal load, as the 
contact-making ammeter, the day, this film was taken, was 
set for holding less than full load. The time from the throw¬ 
ing on the line to the short-circuiting of the reactance is about 
eleven seconds. 

Although the generators are low speed and have consider¬ 
able inertia, only 39 seconds are required from beginning of 
the opening of the gate until the generator is connected to the 
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bus, with a reactance short-circuited. Within 45 seconds, 
the generator is carrying full load. In spite of the speed with 
which these generators are connected to the bus, there is no 
serious mechanical jar perceptible. 

The plant has now been in operation from October 2nd until 
the present, and so far, no troubles, other than the small ones 
which always go with any new development, have been ex¬ 
perienced, and these have all been of a very minor nature. 
The changes that have been made, consist essentially of sub¬ 
stituting heavier and more reliable relays at one or two points 
on the control system, and the expectations and hopes of those 
who have worked on this development have been more than 
realized. The plant has successfully withstood short circuits, 
exciter failures in the steam plant, low water and high water, 
and all of the tests that those in charge of the work could con¬ 
ceive of, wrong operations being brought about artificially. 
It has also been operated by the regular operating force at 
the steam plant, and there has been no occasion to keep men, 

nor have they been kept in the hydroelectric plant to watch 
its operation. 

The automatic development, if it means anything at all, 
means that it will now be possible to develop a large number 
of small low-head plants and tie them in on a high-tension 
system, leaving their operation entirely to the float switch 
and voltage relays. If there is voltage on all three phases of 
the high-tension line and water for the turbines, they will start 
up and go on the line without wrecking themselves or disturb¬ 
ing the operation of the rest of the system. In these days of 
scarcity of coal and scarcity of labor, together with its high 
price, the utilization of our water power is of national import¬ 
ance, for, every pound of coal that can be saved by the water 
of our rivers is just that much more that can be used by our 
country for the successful prosecution of the War. 

With the elimination of the excessive labor cost of operation 
of a small plant, many water power sites are capable of develop¬ 
ment as a paying investment. 

As this paper goes to press, the station has been in operation 
about seven months. Some notes as to experience with it might 
be of interest. During this time, the total flow of the river has 
been used at all times, and a total of approximately 3,000,000 
kw-hr. has been fed into the system. There have, of course, 
been a few failures to start, as no automatic apparatus can be 
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absolutely infallible. The source of such failures has been easily 
found and corrected. In this connection the equipment is de¬ 
signed to shut down in case of abnormal conditions, so that all 
the machines will be protected against injury. It is also of 
interest to note that owing to the pressure of other work and the 
shortage of help, this generating station ran continually for ten 
weeks, with no attention to automatic equipment of any kind. 
Of course, a more frequent inspection and cleaning of the con¬ 
tacts should be made in order to keep the equipment in the best 
of condition. There have been several cases of exciter trouble 
at the main steam station, which resulted in a complete shut 
down. As soon as bus voltage was restored, the automatic 
equipment put the hydroelectric plant back on the line without 
attention of any kind, and with no damage or injury to any 
of the machines. . The expense for operators is a large per cent 
of the total cost of the operation of small hydroelectric 
plants. Many plants have considerable trouble in keeping their 
operating forces, particularly in these days of shortage of labor. 
With the present high price of coal and the shortage of labor, 
many small water powers might be developed with a profit as 
auxiliary plants on a fairly large steam generating system. 
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Discussion on “The Automatic Hydroelectric Plant.” 
191 ^ ABELLE AND Bonnett )’ Atlantic City, N. J ., June 28 , 

. H. R. Summerhayes: How often is it necessary to send an 
inspector around? What is the regular routine? 

m Pa „; c ^haugh: The success of this station indicates a 
means has been found of tying into a large network the small 

deVel ° pm f n . tS 7 hich are availa ble throughout the 
country, being somewhat along the lines of the paper given by 

,! aSt •r enin |-, The sma11 cost of the automatic 

XE S ak !t P °f lble us ?. a standard synchronous 

substfltinn’ fC -+N tk + e ^ citer and _ auxiliaries, at an automatic 
substatum, without going to the induction generator. 

mif p ‘ 1 , notic ® tb e gates were all closed by individual 

motors on the waiter wheels. I would like to know what would 

ppen if you had a short-circuit on the line between the water- 
gates? and tke P ° Wer s tati° n • How would you ever close those 

,. 1 ^^ P',-J rave f : 1 would. hke to register belief in the possi- 

, Q ’; tl ? s of , th e automatic station in the future, this faith being 
based on the results as obtained and as recorded in this paper 
also f observed in other cases. One reason for this faith, 
however I will give, and that is, that even with a hand-operated 

ls , ne ? essa Ty for the operator to rely on some form of 
indicating device or some signal device by means of which 

6 C *° U ii* e lns tructions, and every one of these indicating 
or signa ling devices can be duplicated as an automatic device, 

the °?fi at 2 r J onld . be supposed to do if he had seen 
the indication or if he had received the instructions, and do it in a 

more OTderly and correct manner than the operator could himself. 

rj* r ?§ ar( i to the question raised about the 

frequency of the inspection. We have one record we are not 
very proud of, it came about due to the accumulation of a lot 
of trouble elsewhere on the system, but this plant ran approxi- 

™f^ or ^ w , eek " wl thout an inspection of any of the electri¬ 
cal parts. l ne trash racks are cleaned once every twentv-four 

°L the + day laborers over at the steam station, and 
that is all the attention that the plant gets. We try, however, to 

look at the drum controller an£ contacts about once a week or 
once m two weeks, but the plant did successfully stand ten weeks’ 
operation without an inspection of any kind 

L. B. Bonnet.: As to Mr. Bump's question, if you get 

wTifnW ® b ? r . t " c . lrcmt 0n f he bne, between the two stations, 
which I think is meant, there would be no way of reenergizing 

wf’ aad y ,? u would have to send a man to the station to 
turn the gates down by hand. There is a hand wheel on the 
mechamsm for doing that. It is a reasonably long job but it 
can be done. The generators and water wheels in this particular 
plant are designed to operate at runaway speed for one hour. 

Zr a *i 1S rea sonably simple, on a low-head proposition. These 
wheels run 60 rev. per mm, normally. 
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SKIN EFFECT IN TUBULAR AND FLAT CONDUCTORS 

BY H. B. DWIGHT 


Abstract of Paper 

A method is presented for calculating the skin effect resist¬ 
ance ratio of a tube, which is a form of conductor to be recom¬ 
mended for high-frequency work. A formula is also developed 
by means of which the asymptote to the curve of the ratio R'/R 
may be drawn, and thus the magnitude of the skin effect at ex¬ 
tremely high frequencies may be obtained. 

The values of the ratio R'/R for tubes of various thicknesses, 
are plotted in a set of curves (Fig. 3) which may be used for 
the solution of practical problems. 

A similar method is described for the calculation of skin effect 
in a thin strap. Although the calculations cannot be carried out 
for as high frequencies as the calculation for tube, it indicates a 
method of coordinating the test results for straps, which have 
been published. A set of empirical curves for straps is given 
in Fig. 7, from which approximate values of R'/R for any case 
may be read. 

§ , .. . _ 

I N any conductor carrying alternating current, the magnetic 
field around the axis of the conductor produces variations 
in the current density. In an isolated conductor, the current 
tends to flow more densely in the outermost parts, farthest from 
the axis of the conductor. The effect is more pronounced as the 
frequency becomes high, or as the section of the conductor 
becomes large. The result with a round wire or tube when the 
frequency is high, is that the current is concentrated in the outer 
skin of the conductor—hence the name “skin effect”. In an 
isolated flat strap, the current crowds mainly toward the edges 
of the strap, and term “edge effect” has been suggested 1 , although 
the general term “skin effect” is often used for all cases of the 
phenomenon. 

The formula for the magnitude of the skin effect in a round, 
non-magnetic wire may be obtained by assuming an infinite 
series for the current density at any point of the section 2 . The 
formula may also be obtained by forming a differential equation 
connecting the current and the dimensions of the section 3 . An 

1. Skin Effect Resistance Measurements, by A. E. Kennelly and H. A.. 
Affel, Proc. Inst, of Radio Engineers, May, 1916. 

2. Clerk Maxwell, Electricity and Magnetism , Vol. II, para. 689. 

3. A. Russell, Philosophical Mag ., Vol. 17, 1909, p. 524, and A. E. 
Kennelly, F. A. Laws and P. H. Pierce, Trans. A. I. E. E., 1915, p. 1953. 
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alternative method has been described 4 by which the effect of 
the magnetic field is traced step by step. Successive increments 
of current and voltage drop are calculated, to keep the voltage 
uniform over the section, as of 
course it really is. The increments 
become smaller and smaller, form¬ 
ing convergent series. This method 
gives the usual result for round 
wire, and is useful for the special 
cases of tubes and straps, which 
are calculated in this article. 

Assume that a uniform current 
of density a 0f in absolute electro¬ 
magnetic units, that is, in abs- 
amperes per square centimeter, 
flows at all parts of the section of 
the tube indicated in Fig. 1. The current inside the circle dx is 

I(x) = 7r a 0 (2 q x + x 2 ) absamperes (1) 

The flux density at dx is 

2 /(*) 



Fig. 1—Section of Tubular 
Conductor 
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4. Transmission Line Formulas, by H. B. Dwight, 1913, Chap. X. 
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_ j m-1 2 p g 0 /_1_ t _1 t 2 x 2 

2 V 3 q + 4 g 2 ' ’ ' i 2 

1 1 \ 

+ T Tk ~ T Fi 2 + • • • ) abvolts (2) 

, , * a 4 7T Cl) 

putting m 2 = ——— (3) 

where co is equal to 2 7r times the frequency in cycles per second, 
and where p is the specific resistance of the metal in absolute; 
units. The specific resistance in ohms is p X 10~ 9 

Let a current of density a x flow, such that ai p will be equal 
and opposite to the above terms in x. Then 




1 X 3 1 X 4 
+ 


...) 


3 t 2 q 1 4 t 2 q 2 

absamperes per sq. cm. ( 4 ) 

By the above process, the total current due to a\ is found to 


be 


j m 2 1 2 a 0 2 7T q t 
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1 t_ _ 

2 g 4X5 g 2 




absamperes, ( 6 ) 

and the reactive drop at d x, due to flux in the metal caused by a h 
is 


(j m 2 1 2 ) 2 a 0 p 
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5 ff 10 q 2 
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x £ 
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5 t 4 q 10 t 4 q 2 


+ • • • ) abvolts (6) 


By assuming a current of density a 2 , such that a 2 p will neu¬ 
tralize the terms of x in ( 6 ) , it is found that the total current due 
to a 2 is 


(j 1 ) 2 a o 2 ^ 2 * ft , 1 t 1 t 2 \ 

Z5 l 1+ 2 + ' 

absamperes ( 7 ) 

and the reactive drop at d x, due to flux in the metal caused by 
a 2 is 

(j m 2 1 2 ) s a 0 p / 1 3 t . 9 t 2 x 6 

/6_ V 7 F. 28 ? *;*“F 

+ T ITq ~ 7*7 2 + • • • ) abvolts (8) 
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By continuing this process, the following results are obtained: 

T 7> - „ „ Ti ; U » 2 PY 

1 Z — a$ p 1^1 + bi — -J 2 - 1 “ v — 


/4 


+ + ...] abvolts ( 9 ) 


where I is the total current in the tube, where Z' is the effective 
impedance due to resistance and inductance caused by flux 
inside the metal of the tube, and where 
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If R is the resistance of the tube per unit length, in absolute 
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Fig. 2—Coefficients for Calculating Skin Effect in Tubes 


The values of the coefficients bi, b 2 , c h etc., are shown in Fig.2. 

R' 

These have been used in calculating the curves of at the 


lower frequencies shown by the full lines in Fig. 3. The complex 
Z f 

quantity —is found from (9) and (16). The denominator is 


rationalized, and then the real part of 



is equal to 
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The formula for the skin effect in a tube of infinite radius is of 
the same form as that for a return circuit of two adjacent straps, 6 
but different constants are involved. 
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Fig. 3—Skin Effect in Tubes of Various Thicknesses 


The above calculation can be earned to fairly high frequencies 
and it can be shown by it that the curve of 1— of a tube be- 


5. Skin Effect of a Return Circuit of Two Adjacent Strap Conductors, 
by H. B. Dwight, The Electric Journal, April, 1916. 
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comes approximately a straight line for high frequencies when 
R' 

-^-is plotted against the square root of the frequency. The 

angle of slope of the asymptote, that is, the line which the curve 

R ; 

approaches as a tangent, when is large, may be calculated as 

follows, in a manner similar to that used by Dr. A. Russell in de¬ 
riving a method for determining the skin effect of a concentric 
main, that is, a tube containing an insulated return wire. 6 

The skin effect in an isolated non-magnetic tube, in which the 
current returns at a considerable distance from the tube, is 
quite different from the skin effect in a tube containing a return 
wire, and so a new calculation is required, using different con¬ 
stants. 

Let i be the current density at radius y, Fig. 1. The drop per 
cm. of the tube at radius y is 

e = pi + i — - (21) 

dr 


where p is the specific resistance of the metal in the tube, where 
r is time, and where 


<P 



2 I(y ) 


■dy 


2 *1* 


dy 


( 22 ) 


60 


2 t i y d y 


( 23 ) 


Therefore, 


d <p 


2 I(y) 


dy y y 

Differentiate ( 24 ) with respect to r 



2 7 r i y dy 


d d <p 


d d<p 


dr dy 


dy dr 



di J 

y “rr dy 


d r 


Now e is constant over the section. Therefore 
d e 


dy 


A di . d d <p 

0 = p — -r 


( 24 ) 


dy 

di 4 t 

■ . . mm . . — 

dy y 


dy dr 

y 


di , 
y —5 — dy 
dr 


from ( 21 ) 


( 25 ) 


6. Philosophical Mag ., Vol. 17, 1909, p. 524. 
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When y = q, 0 


Therefore, when y = q, 


di 


dy 


G 


di 

dy 


0 


From (25), y 


di_ 

dy 



y 


di 


dr 


dy 


Differentiate (27) with respect to y. Then 


d 2 i , di 

-v -- -4- __ 

dy 2 dy 


4 7r di 

y 


d r 


Put m 2 — 


4 7T co 


8 7T 2 / 


where / 
Then 


P P 

frequency in cycles per second. 

di 


df + y 


d 2 i 1 
and therefore ———|- 


dy 


di 


m* 

co 


di 


d r 


df 


dy 


j m 2 i = 0 


(26) 

( 27 ) 



( 29 ) 


when the current has a sine-wave shape. 

The solution of this differential equation may be written 

* = (A +jB) J 0 (my V~j) + (C + j D) K 0 (m y V~j) 

_ (30) 

where / 0 (my V— j ) is a Bessel function of the first kind and 

of order zero, where K 0 (my V~j) i s a Bessel function of the 
second kind and of order zero, and where A , B, C, and D are 
constants to be determined. Thus 


i = (^4 + j B) (ber my + j bei my) 

+ (C + j D) (ker my + j kei my) (31) 

that is, i — A ber my—B bei my + C ker my — D kei my 

+ j {A bei my + B ber my + C kei my +D ker my) 7 (32) 

j* 

From (26), - ^ = 0 when y = q. 


. 7 * See equations (29), (44) and (77) of the paper by Kennelly, Laws and 
Pierce, and the paper by A. Russell, referred to in the second paragraph 
of this paper, reference 3. 
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Therefore, 

A ber' mq — B bei' mq + C ker' mq — D kei' mq^O (33) 
and A bei' mq+B ber' mq+ C kei' mq+D ker' mq = 0 (34) 

Let the total current in the tube be the quantity to which all 
phase relations are to be referred, and let it be equal to I +j 0. 
Then, since 

y ber my dy = bei' my, y bei my dy 


ber' my, y ker my dy 


m 

and ^ y kei my dy 

we have 

I = 2 it y i dy 

Q 


= JL 

m 


kei' my 


m 


ker' my, 


2 7r 
m 


+ j 


, 2 7T 


m 


^ A y bei' my + B y ber' my + C y kei' my 

+ D y ker' my J 


A y ber' my + B y bei' my — C y ker' my 


+ D y kei' my J 


The quantities in the brackets are equal to zero when y = g; 
by (33) and (34). Therefore, 


I + j 0 = 


2 7r r 
m 


£ A bei' mr + B ber' mr + C kei' mr 

+ D ker' mr J 


+ J 


. 2 7r r 


m 


£ — A ber' mr + B bei' mr — C ker ' mr 


+ D kei' mr J 
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Therefore, 

— A ber' mr + B bei' mr — C ker' mr 


i 

+ D kei' mr = 0 

(36) 

and A bei f 

mr + B ber' mr + C kei' mr + D ker' mr = 

I m 


2 t r 



(36) 


Let Z' be the effective impedance per centimeter of the tube 
at a certain frequency due to its effective resistance R' and its 
inductance caused by flux inside the metal. Since the flux does 
not cause any drop where y = r, we have, from (21), 

e = IZ' = p u r \ 

Therefore, by (32), 


1Z ' - P [ A her mr - B beimr + C ker mr - D kei mr 

+ J P [ A beimr + B ber mr + C kei mr + D ker mr 
The drop in phase with the current I is 

I R = p £ A ber mr — B bei mr + C ker mr — D kei mr 



(38) 

Now, by (36), IR = - — £ 

7r(r*~ g*) 

2 7r y f) n 

7 T (f - f) m L A bei ' m r+B ber' mr + C kei' mr 


+ D ker‘ 


mr 


i 


(39) 


Therefore, 


R' 

R 


= g*) SA ber mr - B bei mr + C ker mr - D kei mr) 

2 r ( A bet ' mr + B ber' mr+ C ket' mr + D ker' mr) 

(40) 

The four equations-(33), (34), (36) and (36) are sufficient to 
determine the four constants A, B, C, and D. 

A similar equation for the skin effect inductance ratio could 
easxly be written down, but would not be of much practical 

extremeivsmair 56 ^ & tub .\ since the inside the metal is 
extremely small compared with the flux outside the tube. 
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Equation (40) could be used to calculate, the skin effect resist¬ 
ance ratio of a tube at any frequency if very complete tables of 
the eight functions, ber, etc., were available. 

The result is the same as in Dr. Russell’s equation (89) for a 
concentric main, except that the inner and outer radii of the tube 
are interchanged, due to the different position of zero flux. 
Thus by interchanging the inner and outer radii in Dr. Russell’s 
low-frequency formula (101), which is derived from (89), a low- 
frequency formula for an isolated tube would be obtained. In 
this article, equation (40) will be used only for obtaining the 

slope of the asymptote to the curve of -f-, thus giving approxi- 

R r 

mate values of — 5 — for high frequencies by a very simple 

K 

formula. 

For large values of mr, approximate formulas for the eight 
functions ber> etc., are given in Dr. Russell’s paper referred to 
above, of which the following is an example: 


7r \ 

SJ (41) 


mr 

vT 


ber mr 


V2 


f mr 
cos • 


7 r mr 


W2 


The values given by these approximate formulas are more 
accurate as mr is larger. 

If these formulas are substituted in the well known equation 
for a solid wire, 


R f mr (ber mr bei' mr — bei mr ber' mr) 
R ~~ 2 ( ber ' 2 mr + bei' 2 mr) 



we obtain 


R' _ mr 

R ~ 2 VT 



which gives the slope of the asymptote of the curve of 


R' 

R 


In order to obtain the equation of the asymptote (see Fig. 3), 
namely, 

R' _ mr 1 
R 2 v / 2 + 4 


( 44 ) 
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it is necessary to use values of the form 

mr _ 1 

VT 8 mr \/2~ 


her mr = -— —. — cos / mr __ T __ 1_ \ 

V 2 t rmr \V2 8 8 mr V2 / 

given in Dr. Russell's paper. If further terms of the series in 

1 T? f 

mr are added, an asymptotic formula for — is obtained', 

which is very accurate except at low frequencies. 

It is thus evident that the substitution of the formulas similar 



to (41) in equation (40) will give only the slope of the asymptote 

of the curve of K. . The result of the substitution, after a 
certain amount of trigonometrical work, is 


___— (-3 ~j^ y ) {sinh (mt V 2) -f- s in (mt V 2)) 

R 2 r V 2 {cosh (i mt V~2 ) - cos (■ mt V~2)} ^ 

This reduces to = mt (g + f ) 

R 2 r VT~ ( 47 ) 

which gives the required slope of the asymptote. If the inn^r 
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radius q = 0, we obtain equation (43) for a solid wire. If g is 
practically equal to r, (47) becomes 



(48) 


This happens to be the actual equation of the asymptote, which in 
this case passes through the origin. (See equations (100) and (110) 
of the paper by Kennelly, Laws and Pierce, reference 3.) 

The useful fact is therefore deduced that the asymptote of 


the curve for 


R' 

R 


of a thin tube passes close to the origin. 


It 
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Fig. 5—Comparison of Calculation with Test 
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is therefore possible to plot -f - closely for tubes at high fre¬ 
quencies, as is done in the dotted lines in Fig. 3. The values 
found from the high-frequency, Bessel function calculation are 
in agreement with those found by the low-frequency calculation. 

As examples, the results for two tubes tested by Dr. Kennelly, 
described in the papers mentioned above, are shown in Figs. 4 
and 5. From the data given, the d-c. conductivity of the hard- 
drawn copper tube in Fig. 4 was about 50 per cent, and the 
curves have been drawn accordingly. The test curve of the 
soft-drawn copper tube of Fig. 5 was calculated on the basis of 
100 per cent conductivity, in the absence of data regarding the 
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conductivity. If the conductivity were lower, the test curve 
would be drawn farther to the left. 

Skin Effect in Strap. The process of calculating corrective 
currents tp keep .the voltage drop uniform over the section of the 
conductor may be applied to a thin isolated strap as well as to 
a tube. In this calculation, the strap is assumed to be so thin 
that the only appreciable action is the crowding of the current 
to the edges. The test curves shown in Fig. 7 indicate that this 
assumption is allowable for very thin straps. 

Since the magnetic flux around the strap does not lie in circles, 
the voltage drop at any part of the ^ 

section is calculated from the effect j < ~ a > 

of the various elements of current ~ :c ^ ~ ^ d _ 

in the section. Thus, omitting terms 

involving the distance to the return ^ IG * ®~p ECTION 0F Strap 
conductor, which can be shown not to onductor 

affect the skin effect resistance ratio when the distance is large, 
it is found that the reactive drop at dx, Fig. 6 , due to a cur¬ 
rent of uniform density b 0) is 

j a 4 ac b 0 |~2 - (l +-|-) log h (l +~~ ) 


1 . 
2 J 


r P 2 P b 0 j": 


1 

1.2 


~ ) log h (l 


3.4 a 4 


x 6 T 

.6 a 6 J 


(49) 


where 


4 co 4u 

- X 4 ac = ——- 

P R 


and where R is the resistance of the conductor per centimeter 
in absolute units. The resistance in ohms is J? X 10 -9 . 

Also, the reactive drop at dx due to current bi —_ 

a 2 


1 . 


' * o h [-T- + J r 

"T (' + ) l0 s 4 (‘ + -f- J 
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1 


x J 


a c 


) l0 ^ h C 1 - IT )] 


l 


j P 2 P b i 


3.3 


1 + 1 


X 1 


1.2 a 2 


x fl 


1.4 


3.6 


x' 

a 1 


X 


« 


5.8 a 8 


] 


(50) 


The reactive drop due to current b 


x 


2 n 


n a 2n 


j P 2 P 


[' 




X 2 


(2 n + l) 2 1 (2 »- 1) 2 a 5 


+ 


1 


x* 


(2n~3)4 a 4 




+ 


x 


2 w 


1 


^.2 w - f-2 

1 (2 n) a 2 n 1 (2 n + 2) a 2 w + 2 


x 


2 « +4 


3 (2 w + 4) a 2 * + 4 


1 


(51). 


The total current in the strap due to b 0 is 4 ac b 0 . The total 


current due to b 


x 1 


1 a 2 “ 3 


is - 7 T- bi 4 ac and the total current due to 



x 2n 

a 2n 


1 

2 n + 1 


b n 4 ac 



Assume that a uniform current i 0 , flows in the strap. The 
reactive drop at d x is given by (49). Next, assume a current 
whose resistance drop is equal and opposite to the terms in x of 
(49). The total current in the strap can be found by applying 
(62). By repeating the above process, and carrying the various 
series out to five terms or more in each case, the following results 
were obtained. Drop in the strap due to alternating current 


= IZ' = «g r [1 + j h p* - 0.0149994 p 4 • 

+ j 0.003122 p* + 0.000532 p* - j 0.0000779 p w 
• - 0.0000096 p n +j 0.00000094 p u + 0.00000005 p u ) (63) 
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Drop in the strap due to a direct current of the same amperage 

= I R = i 0 r [1 + j 0.0965736 p 2 + 0.0152178 p 4 
~ j 0.00218 p« - 0 .000259 p* + j 0.0000237 p u 
+ 0.00000100 p 12 + j o. 00000022 p u 

+ 0.00000008 p 1 *) ( 64 ) 

Some of the coefficients of the above series can be expressed 
exactly by algebraic functions. Thus, in (53) the term in p* is 

~ ( “ 4 " l0gh2 ~ 1$ + -)P* = ~ 0 . 0149994 p* 

In (54) the term in p 2 is 


j ( log h 2 
and the term in p 4 is 



= j 0.0965736 p 2 


[t****- 4 + -w]p' 

= 0.0152178 p 4 
Z ; 

The fraction can be calculated from ( 53 ) and ( 54 ) for 

various values of p. Then, after rationalizing the denominator, 

R f 

the real part is equal to — — - , the skin effect resistance ratio. 


The values of ^ for various values of p are plotted in 


T) f 

Fig. 7. It is seen from this figure that the curve of — 5 — of a 

strap, when plotted on the square root of the frequency, has the 
same general shape as the curves for wire, tube, and a return 
circuit of two adjacent straps, and it seems to approach a straight 
line as an asymptote in the same way that they do. 

The calculated curve has been carried only as far as p — 2 . 
The other lines in Fig. 7 are test curves published in the papers 
by Kennelly and Affel, and by Kennelly, Laws and Pierce, 
referred to in the first part of this article. The test curves, 
especially at frequencies up to 70,000 cycles, show approximately 
straight lines, when plotted on the square root of the frequency. 

The curve, — = 240, Fig. 7, has the lowest position of any of 
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the published curves when they are plotted according to Fig. 7. 
A conductivity of 100 per cent was assumed for this copper strap. 
If the conductivity were lower, the curve would be slightly 
higher. The section of this strap was 0.016 by 3.81 cm. 

The curve for a round wire of the same sectional area as the 
strap lies below the curve for strap up to p equal to about 2.1, 
but at higher frequencies than that, the wire has a greater ratio 
than the strap. (See Fig. 8). It is to be expected that the 
curves for thick straps would lie intermediate between the curve 



I--. J- I ' - - 1 l ■ » - 1 - ----- 1 - I_I 

0 1 2 3 4 5 


p - V®?: 

Fig. 7—Skin Effect in Strap Conductors 


for thin strap and that for wire. Such curves are represented 

by test curves — = 16 (0.158 X 2.52 cm.) and = 8 

c c 

(0.1575 X 1.26 cm.) 

The curves of Fig. 7 may be considered as an extension in 
further detail of the article by the writer in the Electrical World 
of March 11, 1916, page 593, giving an empirical curve for skin 
effect in straps. The calculated curve now given tends to con¬ 
firm the theory of the former article. ' 

It would appear from Fig. 7 that rolling a strap thinner and 
wider, but keeping the same sectional area and conductivity 
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always reduces the skin effect resistance ratio for values of p 
greater than 2:1. However, it seems probable that the improve- 

ment is inappreciable after -A is more than about 50, and 

that the strap then approximates to an infinitely thin strap. 



Fig. 8—Skin Effect of Various Conductors of the Same Sectional 

Area 

Thus a strap a foot wide would have the same skin effect resist- 

CL 

ance ratio as a thin strap one inch wide, if —* is in both cases 

c 

greater than 50, and, if both straps have the same resistance per 
1000 feet, due to the wide strap being thinner or being made of 
material of lower conductivity. 

By dividing series (53) by (54) a series is obtained which is 
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convenient for calculations when p is comparatively small. 
This is 

4- = 1 + 0.0087432 p* - 0.000384 p* 

K 

+ 0.0000189 p 12 - ... (55) 

This series is not so convergent as (63) and (54). It should 
not be used unless p is small enough to make the last term quite 
small. 

It should be remembered that the discussion on skin effect in 
strap in this article refers only to a strap which' is not close to 
the return conductor, for in that case the proximity effect 

R r 

changes the value of - , generally increasing it when the 

straps are in an edgewise position, and decreasing it when they 
are in parallel planes. 

A copper strap | by 5 inches, carrying current at 60 cycles, 
may be taken as an example of the calculated formula of skin 
effect in a thin strap. By changing the dimensions to centi¬ 
meters, and taking the specific resistance of copper in absolute 
units to be 1724 at 20 deg. cent., we obtain 

^ = 8 x X 60 X X 5 X = 3.53 

Therefore p = 1.88 and -K- = 1.071, from Fig. 7. 

t 

l 

For a strap X 10 inches, 

i a 45 

£2 = 8 7T X 60 X X 10 X ~ 3 * 53 

Therefore the two straps which have the same resistance per 
foot, have the same value of —— . Both straps can be con¬ 
sidered to be practically the same as an infinitely thin strap, 
since the thicker one has a width 40 times the thickness. 

In order to show graphically what types of conductors are 
most advantageous fofr high-frequency work, or for heavy 
currents in electric furnace circuits, the curves of Fig. 8 
have been drawn. These show the skin effect to he expected 
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from using a given weight of copper in the form of wire, strap, or 
tubes of various proportionate thicknesses. In the case of a 
tube 



where A is the sectional area, and this equation may be used to 
obtain the curves of Fig. 8 from those of Fig. 3. From the 
equation of the asymptote to the curve for a tube, it may be 

t 

found that a tube in which —j- is less than about 0.025 will 

a 

always have less skin effect than a flat strap of the same sec¬ 
tional area and conductivity. A tube whose proportionate 
thickness is greater than the above amount may have a greater 
skin effect resistance ratio than a strap of the same sectional 
area at very high frequencies. 

The curves of Fig. 8 are in agreement with the conclusion 
expressed in the paper by Kennelly and Affel, that a thin tube is 
the most economical form of conductor for high-frequency cur¬ 
rents, when the return conductor is a considerable distance 
away. 

As a general principle, it may be stated that a conductor, or a 
combination of conductors, of a certain proportionate shape and 

f R f 

a certain value of , will have a definite value of This 

is true of tubes and round wires, as is shown by Fig. 3, where the 
skin effect of a tube of a certain ratio of thickness to diameter, 
but of any size, is given by a single curve. That the principle 
is true also of any shaped conductor, or any combination of con¬ 
ductors, may be indicated as follows: 

Assume that an irregularly shaped conductor carries current 

TD f 

at such a frequency,/, that = (1 + a). The current will 

be crowded to certain parts of the section of the conductor, and 
the exact extent of this crowding may be indicated by plotting on 
the section, the lines for 95 per cent, 100 per cent and 105 per 
cent of average current density. In the case considered, the 
increase in resistance by the factor (1 + a) is caused by a certain 

location of the current density lines. 

Suppose that the conductor heats up so that its resistance 
increases 25 per cent, and suppose that the frequency also in- 
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creases 25 per cent. The unbalance of current is equivalent to 
a circulating current which goes with the main current at parts 
of the section, and returns at other parts of the section. This 
circulating current is driven by a voltage proportional to the 
frequency, and its voltage drop is due to resistance and is 
accordingly proportional to the resistance. Since both the fre¬ 
quency and the resistance have increased 25 per cent, the cir¬ 
culating current will be unchanged. Therefore, the position of 

R r 

the current density lines and the value of will be unchanged. 


Now, instead of the heat in the conductor raising its resistance, 
let a conductor of the same shape but 80 per cent as large be 
substituted, and let the frequency still be 25 per cent higher 
than at first. The resistance of the conductor is 25 per cent 
higher than at first. Thus the path for circulating current has 
25 per cent higher resistance, and the frequency is 25 per cent 
higher, so that the circulating current is unchanged. Therefore, 
the relative position of the current density lines will be the same 

R f 

as before, and the value of —=- will be the same quantity, 


(1 + a). 

Thus in any conductor or combination of conductors or in any 
return circuit, of a certain proportionate shape, a given value of 


R 


corresponds to a certain value of 


R f 
R * 


A tested curve of 


R' 

R 


plotted on 


R 


will therefore apply to conductors of 


different size from those tested, when the shape and relative 
position are the same. 

The practical application of this principle is seen by consider¬ 
ing that skin effect and proximity effect values are very often 
desired to be known for very heavy conductors at commercial 
frequencies. In such cases the currents are too large and the 
voltage drops are too small, to be conveniently or precisely 
measured. Precise results could be obtained by constructing 
miniature conductors to scale, and measuring the skin effect 
with conveniently small currents at high frequency. 

In this way, the current distribution in three-phase circuits of 
ventilated busbars or of several cables in parallel, could be 
studied with exactness. 
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By considering a ventilated busbar to be approximately equi¬ 
valent to a solid conductor of the same outside dimensi ons and 
the same total resistance, a simple extension of Fig. 7, con¬ 
taining curves for various proportionate thicknesses, would show 
the approximate skin effect of any isolated, rectangular, non¬ 
magnetic conductor, whether solid or ventilated, hot or cold, 
large or small, and whether copper or aluminum. Such a set of 
curves would be useful in designing heavy busbars and con¬ 
ductors, not placed close together; 
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Discussion on “Skin Effect in Tubular and Flat Con¬ 
ductors” (Dwight). (Presented by Publication Only.) 

Joseph Slepian: Mr. Dwight has certainly done a very 
creditable piece of work in solving so completely and in such 
usable form the skin effect problem in the two important cases 
of tubular and strap conductors. The paper is, however, really 
of very much broader scope than its title would indicate, because 
the method used is one which appears to be applicable to any 
shape of conductor, and the tube and strap solutions given here 
are only clearly explained examples of the working of the method. 
It is probable that with a .shape of any great complication the 
method would become rather laborious, but it would remain 
simple and straightforward in theory at least and be capable of 
being carried to a numerical conclusion. The solution by means 
of expansions in series of orthogonal functions similar to Bessel’s 
functions while in a sense more elegant is of little use for numeri¬ 
cal computation and so from the engineer’s point of view is not 
a solution at all. 

The similitude principle given on page 1398 is obviously of 
great importance. It permits the determination of skin effect in 
large conductors by experiments on small models. A mathe¬ 
matical proof of this principle may be of interest as verifying the 
informal though convincing proof given._ 

Suppose a set of parallel conductors given, so that the specific 
resistance, p (x y), in space is a function of x, y, coordinates in a 
plane perpendicular to the conductors. 

Let E (x, y, t) be the impressed e. m. f. per unit length of 
conductor; let I (x, y, t) be the current density at any point. 

Then we have the relations: 

b A 

E (x y t) = p (xy t) • I (xy t) H-(1) 


Where A (x y t) = - 2 f J I (£ 77 1 ) log.r, d £ d tj (2) 
r = V(x — £) 2 + (y — y) 2 


Of course we must assume 


// I dx dy 


0 if A and E are 


to remain finite. . # . 

If E (x y t) is a given harmonic function of the time then these 

equations serve to determine uniquely the corresponding steady 

state of alternating current, I (xy t). . 

Now consider a new configuration of conductors obtained by 
expanding linear dimensions of the old configuration in the 
ratio k to 1. Then for the new configuration the conductivity, 
p' (xy) is related to the conductivity in the old configuration 
P (x y) by the equation: 

p' (xy) = p (x/k, y/k) 


( 3 ) 
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Now suppose that in the new configuration we have the current 
cLensity I (x, y,t) the same as that at corresponding points in 
the old, except that frequency is reduced in the ratio 1 to /, thus 


I (x, y\ t) = I (x/k, y/k, t/l) 

W^hat must be the corresponding impressed e. 
configuration? 

We have: 



m. f. in the new 


. E'(xyt) = p'(x,y) V (xyt) + —(5) 

A' ~ ~ 2 J'J' I' (£, v, t) lo gr d % dr] (6) 

Substituting (4) in (6) 

A (xyt) = — 2 j'J' I (%[k, r ]/k, t/l) log r d^dt] 

If now we change variables in the integral 

£ = k 

V — k i] 


A' (xy t) = 


2 /^ (£; V) t/l) log.\/ (x — k f) 2 -f- (y — k lj) 2 

hdikdn 

V t/l) log k\/ (x/k — fy+(y/k - n)t 

d$dv 

= - 2 k 2 ff J C> n, t/l) log\/ (x/6-£) 2 + (y/^-17) 2 

d £dri 

~ 2¥ lo g (£,-9, 0) d f d f 

Therefore, A’(xyf)~»A (x/k, y/k, t/l) - 0 (7) 

& 2 d ^4‘ , 

(*/*, y /*, //0 ( 8 ) 


Hence, -^4 


bt i bt - 

Substituting (8), (4) and (3) in (5) 

E (x, y,t) = p ( x /k, y/k) . I( x /k, y/k, t/l) (9) 

+ k a /l -|4- (x/k, y/k, t/l) 

Com ?o tHvfi on i (9) with (1); we see that if 1 = * 2 - 

E' (xyt) = E (x/k, y/k, t/l) 


( 10 ) 
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Hence in the new configuration, a similar system of impressed 
e. m. f.’s will produce a similar system of current distribution if 
the frequency is varied inversely as the square of the linear 
dimensions. Since, however, the resistance per unit length con¬ 
ductor varies inversely as the square of the linear dimensions, 
we may say that the frequency must vary directly with the re- 

S1St cLXl C0 

H. B. Dwight: Since writing the paper, the author has 
derived an asymptotic formula for the skin effect m a tube, by 
using expressions for the her and ker functions given y * . • 
Savidge.* This formula, which is an extension of equation (47), 

is 


R' _ mt (q + r) 

R 2 r V2 


1 H - 


mr 


V 2 




8 m 2 r ‘ 2 




o 


m z r z 


For values of mt greater than 4 , this formula gives curves which 
are the same as those of Fig. 3 . The equation of the asymptote 

of each curve is 


R f __ mt (g + r) f , , 1 . . \ 

R 2 r V2 ^ mr V2 ^ 

which may be used for obtaining practical values of the skin 
effect ratio for mt greater than 4. It may be observed that the 

term in -hr is positive, and therefore the curves lie a little 
m 2 r 

above their asymptotes when mt is greater than about 4. 

To check the above formula, it may be applied to the case o 
a solid wire by putting q = 0 and t — r, so that it becomes 

R' _ mr , _1_ ,_3_, Q 

R ~ 2 V2~ + 4 ’ r 16 mr V2 m2 r2 

This is in agreement with the value of R’ /R — .x/2XW/Y 
by equation ( 31 ) of the paper by Dr. Russell m the Philosophi¬ 
cal Magazine, Vol. 17, 1909, page 524. . 

I am much obliged to Mr. Slepian for his contribution. His 

mathematical proof seems to me to add greatly to the lorce ot 
the statement made in my paper that skin effect tests made a 
different frequencies can be corrected mathematically 
frequency and compared with each, other with confidence a 
they ought to agree, and in particular, that tests made on 
miniature conductors at a high frequency such as 5000 cs 
can be corrected for frequency so as to be of great use m t e 
design of 60-cycle bus bars a nd other conductors. _ 

*Philosophical Magazine, Vol. 19, 1910, page 49. 
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A DIRECT-CURRENT GENERATOR FOR CONSTANT 
POTENTIAL AT VARIABLE SPEED 


BY S. R. BERGMAN 


Abstract of Paper 

The standing of this problem in the past is briefly reviewed. 

As far as is known to the author the type of machine described 
presents a new solution, the advantages of which are shown to be: 

1. The machine is self-excited, i. e ., regulates independent of 

any other source of potential. _ 

2. The machine regulates independent of speed and load and 

may be compounded. . 

3. The regulation is inherent, i.e., no external regulating device 

is used. 

4. The regulation is instantaneous^ 

5. The regulation is approximately independent of the heat¬ 
ing. . 

The theory of the machine is described and diagrams of connec¬ 
tions given. Performance curves obtained from tests are shown. 

A method is described whereby instantaneous regulation of the 
voltage is obtained, which method also secures approximately a 
constant voltage independent of the heating. 

Finally there follows a discussion of the efficiency of the new 
machine as compared with a standard machine of the same speed 
and output. 

A PROBLEM in direct-current engineering, especially met with 
in traction, is that of producing constant voltage at var¬ 
iable speed. Train lighting from axle-driven generators is one 
of its oldest applications. The transformation from a variable 
to a constant voltage can be accomplished by revolving ma¬ 
chinery provided that the principle of producing constant poten¬ 
tial, independent of the speed, is known. Of late years this 
problem has received new impetus with the introduction of elec¬ 
tric starting and lighting of automobiles and a great number of 
solutions have been offered, most of them depending upon the 
presence of a storage battery which greatly simplifies the con¬ 
ditions, since the steadying influence of the battery results in a 
source of nearly constant potential from which a constant excita¬ 
tion may be drawn. The regulation in the great majority of such 
charging sets depends upon the load current and is spoiled if the 
load is disconnected; i. e., if the battery is not in the circuit 
the generator voltage varies greatly with the speed. Other 
systems exist employing automatic shunt regulators either oper- 
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ated magnetically or depending on combinations containing 
resistors with negative temperature coefficients. 

In railway and automobile applications it is desirable to avoid 
all automatic apparatus if possible and it occurred to the writer 
some years ago that it would be possible to produce a generator 
which would regulate on constant potential independent of the 
speed and load, due to inherent properties of the windings, that 
is, without the use of any kind of regulator. The conditions to 
be fulfilled appear as follows : 

1. The machine should be self-excited, i. e. % should regulate 
independent of any other source of potential. 



Fig. 1—Constant Potential Generator 


2. The machine should regulate independent of the load and 
should possess the properties of compounding. 

3. The regulation should be inherent. 

4. The regulation should be instantaneous, i. e no over- or 

under-shooting of voltage should occur at sudden speed varia¬ 
tions. 

5. The regulation should be independent of the heating, i. e. t 
same potential generated when machine is cold as when hot. 

A number of machines fulfilling the above conditions have 
been built and are now in successful service. In the following 
pages the principle of operation will be described and illustrated 
by characteristic curves obtained from tests. 
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Fig. 1 illustrates, diagramatically, the principle of the maqhine. 
The armature is series wound and the field contains-twice as 
many poles as the number of poles for which the armature is 
wound. In the Cjase illustrated, the armature is wound for two 
poles and the field contains four poles, symmetrically located. 
The load is taken from the brushes A and C and in addition to 
these load brushes there exists a third brush B, placed 90 electri¬ 
cal degrees from the load brushes. The field may be considered 


CO 

. 


o 


> 



REV. PER MIN. 


Fig. 2—Constant-Potential Generator 
1.5 kw.— 32 volts— 1600/3200 rev. per min. 


to consist of two independent magnetic circuits, one of these 
circuits FI is saturated and the corresponding flux <fr h will be 
called the main flux of the machine. The second magnetic 
circuit F2 is not saturated and the corresponding flux </> 2 will be 
called the cross flux. The flux <j>i generates, between the brushes 
A and B } an e. m. f. which will be called the main voltage of the 
machine. The flux <f > x does not generate any e.m.f. between the 
brushes B and C. Similarly the flux <t> 2 generates, between the 
brushes B and C, an e.m.f., which will be called the cross voltage. 
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This flux does noc generate any e.m.f. between the brushes A and 
B. The-excitation of the machine is taken from the brushes 
A and B for which reason the brush B will be called the exciting 
brtfeh. The excitation consists, as shown, of two multiple 
branches, one branch exciting the main poles and the second 
branch exciting the cross poles. The two fluxes cj >i and c f> 2 are 
entirely independent of each other, which may be verified by 
separately exciting the machine, and tests show that if the main 
excitation is varied only the main voltage is affected, the 
cross voltage remaining constant; and if the cross excitation 
is varied only the cross voltage is affected, the main voltage re¬ 
maining constant. 



The directions of the main and the cross fluxes are such that 
the difference between these fluxes is interlinked, with the line 
brushes A and C, as shown in the figure, and thus the line voltage 
^4C is the difference between the main voltage AB and the cross 
voltage BC. Hence, the voltage AC = AB — BC. Since the 
main circuit is saturated the flux <fi x remains constant and the 
main voltage AB is proportional to the speed. Therefore, the 
excitation of both the main and the cross fields is proportional to 
the speed. The cross circuit not being saturated the cross flux <j >2 
will increase in proportion to the speed and, hence, the cross 
voltage BC must increase with the square of the speed. As will 
be shown by saturation curves the cross circuit should not be 
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entirely unsaturated since then the cross voltage would increase 
too fast and the machine voltage would decrease with increasing 
speed. The cross flux should approach saturation and it is 
possible to choose the saturation of the cross magnetic circuit, 
so that the line voltage A C remains constant. In Fig. 2 is 
shown the variation of the different voltages with the speed. 
Since the excitation is taken from the brushes A and B the 
variation of the exciting ampere-turns follows the main voltage 
A B and may, therefore, in proper scale, be read from the curve 
A B. From these curves may be determined the amount of 
flux in each magnetic circuit for any given excitation and in 



Fig. 3 are plotted the two fluxes against the excitation. These 
saturation curves show that over the working range the main 
magnetic circuit is nearly saturated and the cross magnetic 
circuit at first is unsaturated but from a certain point, where the 
curve bends, this circuit starts to approach saturation. 

Since the line current is taken from the brushes A and C, Fig. 1, 
there exists an armature reaction OR in the direction of A C. 
This armature reaction may be resolved in two components, one 
0 D in the direction of the main flux and the other 0 E in the 
direction of the cross flux. The main magnetic circuit being 
saturated, the additional excitation, due to the armature re- 
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action, cannot add anything to the main flux. The component 
OE in the direction of the cross flu;x will, however, interfere 
with this flux and would disturb the regulation of the machine 
and in order to overcome this influence a series winding is added 
to the cross poles. This winding should have an equal and 
opposite strength to the armature reaction working in this 
direction, and will be called the compensating winding. The 
location of this winding is shown in Fig. 4. It will be easily 
understood that by changing the strength of the compensating 
winding it is possible to obtain either rising or falling machine 
voltage with increasing load. By over-compensation the voltage 
will rise with the load and with under-compensation it will fall. 
Obviously the strength of the compensating winding can be made 













ng F 






_L 










-- 





_L___ 









YY 

L7I 






H 

1 

— 




1 

1 












1 

1 

_L_ 



_ 


■ 

■ 

■ 


■■ 

■ 


1 

HI 

H 

mm 


■ 

H 

1 

mi 

H 

1 

m 

B 

■ 

■ 

■ 

■ 

■ 

— 

mm 

m 


m 

H 

■ 

m 

■ 

■ 

H 

H 

H 

H 

H 

1 

■ 

| 





1 







MM 

MM 


B 

1 









-- i -1.-1 - .E ECT i-i =3=3 



A 



r 

. ... 1 .1 ' . 

r- —I IT——^ 





\ 

I 

i 


JNO 1 

-.oac 









1 

1 








* 

- 1 - 

1 

1 




* 








1 

1 









1 

I 

_ \ _ 












1 

1 

■J. - 






80 


00 


> 60 

cc 

o 

5 40 

LU 

z: 

IxJ 
CD 


20 


320 360 400 440 


480 520 560 

MOTOR VOLTS 

Fig. 5 


600 640 680 720 


to compensate for the IR drop resulting in a flat compounded 
generator. 

If a generator of the type under consideration is coupled to a 
motor such a motor-generator is capable of transforming from a 
variable voltage to a constant voltage. Fig. 5 shows the per¬ 
formance from test of a motor-generator, the motor voltage 
varying from 400 to 650 and the generator voltage being main¬ 
tained constant at 32 volts. As will be seen from Fig. 5 the 
generator voltage rises slightly with the load showing that the 
maqhine is over-compounded. 

If the motor of a motor-generator of this type is thrown 
directly on the line a voltmeter connected to the generator 
shows that the voltage, due to sudden acceleration, exceeds the 
rated voltage. The amount of this over-shooting of the voltage 
depends upon the relative values of the time constants of the 
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two multiple exciting circuits. For example; assuming that 
the rate of increase of the exciting current is nearly the same in 
both circuits then the flux in the unsaturated circuit will appear 
at a later time than in the saturated circuit. Consequently the 
negative voltage will not develop fast enough, resulting in the 
phenomenon which may be called over-shooting of the voltage. 
It is possible, however, to speed up the rate at whicji the cross 
magnetising current increases by insertion of resistance in this 
circuit. The complete diagram of connections is shown in Fig. 6 
in which the permanent resistance is designated as R. Tests 



Fig. 6 


have demonstrated that if this resistance is properly chosen it 
is possible to entirely eliminate over-shooting of the voltage. In 
this figure has also been added commutating poles to assure per¬ 
fect commutation.. 

The resistance R also serves another purpose, namely, to keep 
the regulation of the machine approximately the same when the 
generator is cold as when hot. Assuming for the moment that 
the generator was built in accordance with Fig. 4, without any 
resistance in the cross circuit, it is obvious that when the genera¬ 
tor is cold the current in both exciting circuits will be larger than 
when hot. The main flux will not be influenced by this increased 
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excitation, since saturation exists. On the other hand, the in¬ 
creased exciting current of the cross circuit will cause an in¬ 
crease in the cross flux resulting in an increase of the cross-volt- 
age. Since this voltage is negative it follows that when the 
machine is cold the line voltage will be too low. By inserting a 
resistance of zero temperature coefficient the variation of the 
cross excitation is limited and tests show that if the resistance 
R is approximately }/§ or more of the resistance of the cross ex¬ 
citing circuit, the change of excitation, due to heating, will be 
limited to such an extent that the variation of voltage is less 
than 5 per cent, corresponding to a temperature range of 100 
deg. cent. 

As has already been explained this generator is in reality a 
combination of two independent generators, one bucking the 
other, which leads to the conclusion that the machine must be¬ 
come somewhat larger in size and weight than a standard ma¬ 
chine of same speed and output. On the other hand, there are 
several other conditions which tend to make this machine more 
economical than the standard. When the speed increases all 
flux densities and hence the stability increases. In a machine 
of standard make in which the shunt excitation is regulated in 
order to maintain constant voltage, the flux densities and hence 
the stability decreases with increasing speed. Therefore, a 
standard machine requires much larger gaps than this new ma¬ 
chine and furthermore, the armature reaction in the standard 
type must be chosen with due consideration to the speed range. 
In order to give an approximate idea of the size and weight of 
this new- type of generator, as compared with a standard type - 
of machine, it may be stated that by a sacrifice in the efficiency 
of approximately 10 per cent, the new machine will have the 
same weight as a standard type of same rating. 

As has already been pointed out this new type of constant 
potential generator shows some distinct advantages over a stand¬ 
ard generator with automatic voltage control. Where reliability 
of service is concerned this new type is superior since there does 
not exist automatic devices of any kind for maintaining the 
regulation. The new machine has also the advantage of being 
instantaneous in action even at violent and large speed varia¬ 
tions. Therefore, it is thought that this new machine will create 
a field of its own and satisfy a long felt need in certain applica¬ 
tions of the electrical industry. 
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Discussion on “A Direct-Current Generator for Constant 
Potential at Variable Speed” (Bergman,) (Presented 
by Publication Only). 

J. G. De Remer: In the paper by S. R. Bergman, attention 
should be called to an apparent misstatement contained on the 
lower part of page 1408 thereof. 

The reasoning therein given relative to the variation of the 
main voltage AB and the cross voltage BC is based upon as¬ 
sumptions which do not apply. For if the main voltage varies 
with the first power of the speed and the cross voltage with the 
second power of the speed their difference A C can not be con¬ 
stant. 

The figures two and three bear this out as observed by ex¬ 
tending the curves of figure two to 3200 revolutions per minute 
(double 1600). The curves so extended then indicate that 
doubling the speed from 1600 to 3200 increases the main voltages 
from 50 to approximately 120 which is 140 per cent increase 
instead of 100 per cent. The cross voltage is increased from 20 
to about 90 by increasing the speed from 1600 to 3200 which 
is 350 per cent instead of 300 per cent as would be required by 
the square law. 

The foregoing is further evidenced by the flux curves shown 
in Fig. 3 where the main flux is not constant as assumed in the 
author’s statement. 

Figs. 2 and ,3 indicate that neither the main flux nor the cross 
flux were maintained at the saturation point. On the contrary, 
the conditions of the two fluxes were such as to give a resulting 
flux which decreases with the first power of the speed. Such a 
flux variation would give constant potential across A C and is 
the condition which doubtless existed when the data of Fig. 2 
were obtained. 

S. R. Bergman: In answer to a communication by Mr. J. 
G. DeRemer, I wish to give the following reply. 

The best plan to follow in order to thoroughly understand an 
electro-magnetic, problem is to draw up a picture of the flux dis¬ 
tribution. (Fig. 1). If Mr. DeRemer would attempt to do so 
I predict he will find that the theory he suggests leads nowhere. 

The theory which I have advanced in my paper is based on 
the physical existence of two independent fluxes, the main flux 
and the cross flux, the distribution of which is shown in Fig. 1. 

It is now obvious without further consideration, that the 
corresponding voltage may be expressed as follows: 

AB = k X n X i X 10“ 8 1 
BC^k X n X $ 2 X 10" 8 , 

If saturation exists in the main magnetic circuit the main flux 
is constant and the voltage AB is proportional to the speed 
as stated in the paper. 
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Complete saturation never exists in any dynamo electric 
machine but a slight increase of the flux always takes place when 
the excitation is increased, as may plainly be seen from Fig. 3 



-Main Flux 

-- Cross Flux 

Fig. 1—Flux Distribution. Constant Potential Generator 


in my paper. The main flux is, therefore, in reality not constant 
but is a function of the excitation and it would not be difficult 
although laborious, to solve this problem analytically by aid of 



REVOLUTIONS PER MINUTE 

Fig. 2 Constant Potential Generator 1.5 Kw _32 Vottc; 

1600/3200 Rev. Per Min. ‘ 


the Frohlich formula—(compare Steinmetz’ “Transient Electric 
Phenomena and Oscillations” page 33.) Such a calculation 
would so complicate the problem that it would becloud the 
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physical phenomenon instead of clearing it up. Hence, I prefer 
in my discussion to state that the saturation keeps the flux 
constant. Tests justify this assumption with fair approxima¬ 
tion as may be seen from Fig. 2 which is a reproduction of Fig. 
2 in my paper with the addition of a dotted straight line repre¬ 
senting proportionality. 

In regard to the cross voltage B C, this voltage increases with 
the square of the speed if we assume that the main voltage 
varies directly with the speed, and also, that no saturation exists 
in the cross circuit. Also, in this case can the problem be solved 
accurately by aid of the Frohlich formula. However, the square 
law holds true with good accuracy as shown in Fig. 2 in which 
a parabolic curve is shown in dotted lines, representing the 
square law. 

Mr. DeRemer states: “If the main voltage varies with the 
first power of the speed and the cross voltage with the second 
power of the speed their difference AC cannot be constant.” 
In order to avoid this very misunderstanding I stated in my paper 
“As will be shown by saturation curves, the cross circuit should 
not be entirely unsaturated since then the cross voltage would 
increase too fast and the machine voltage would decrease with 
increasing speed. The cross flux should approach saturation 
and it is possible to choose the saturation of the cross magnetic 
circuit so that the line voltage AC remains constant.” 

In order to further emphasize the independence of the two 
fluxes, I wish to point out that the cross flux branches out from 
points of equal magnetic potential located on the path of the 
main magnetic circuit and vice versa, the main flux branches out 
from points of equal potential on the path of the cross flux:. 

Very similar conditions exist in a commutating-pole machine, 
having the same number of commutating poles as main poles. 
An excellent discussion of the independent existence of the main 
flux and the commutating flux may be found in Arnold’s classical 
work, “Die Gleichstrom Maschine.” 
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CRITICAL REVIEW OF THE BIBLIOGRAPHY ON UN¬ 
BALANCED MAGNETIC PULL IN DYNAMO- 

ELECTRIC MACHINES 


BY ALEXANDER GRAY AND J. G. PERTSCH, JR 


Abstract of Paper 

The purpose of this paper is to serve as an introduction to 
the succeeding comprehensive article by Mr. E. Rosenberg, on 
the subject of Magnetic Pull in Electric Machines. The 
Maxwell equation, upon which all of the formulas for unbalanced 
magnetic pull are based, is first established. A critical review 
is then given of the articles pertaining to this subject, which 
have appeared in the technical press to date. It is pointed out 
wherein the various expressions which have been proposed 
differ from one another and to what extent they are consistent. 

of the formulas are based on Maxwell’s equation: 

B 2 A 

Pull, m dynes = -5— 

J 8 7f 

» 

where B = flux density, in lines per sq. cm. 

A = cross section, in sq. cm. of the flux path in the gap 
between the pulling surfaces. 

This formula may be established in a simple manner for the 
case of a saturated magnetic circuit, as follows : 

The magnetic circuit shown in Fig. 1 is symmetrical about 
the axis 0 O', and therefore the action of each pole may be con¬ 
sidered separately. With n turns per pole and e volts across 
each coil, the excitation n i produces a magnetic flux of 4> lines 

In Fig. 2 ,0a shows the magnetization curve for each half of 
the complete magnetic circuit of Fig. 1 when the air gap clearance 
between the armature and each pole-face is g cm. If now, the 
armature is allowed to move by a virtual displacement A g 
under the action of the magnetic pull P, so as to reduce the gap, 
then the curve for the new magnetic circuit becomes 0 b (Fig. 2). 

In order to establish the initial flux <f> at an excitation n i, the 
total energy supplied to the coil after closing the switch s$ , is 

t t 

eidt = 

0 0 0 


(n 


d<t> 

dt 


.0-, « + I *« 


f.. 

■ I iru 
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In this expression, the stored, energy 


ni d<j> 

0 


10 8 Area Oac (Fig. 2), in watt-sec. 


If, now, the armature is allowed to move under the action of the 
pull P, so as to reduce the gap by an amount A g, the excitation 
* * bei f g maintained constant, the flux changes from cj> to 

\ +A '7-. The increase ^ flux A 4> induces a counter e. m. f. in 
t e winding and since, by assumption, the current is held 
constant, the ap plied voltage must temporarily increase. The 
amount of energy so brought into the electromagnet is 

J 4 > 4- A 4 > 

dcf> 

* ^ ~di * ^ ^ “ n i X A cj) . 10~ 8 =Area cabd 



Fig. 1 



The energy which is thus supplied by the source goes partly to 
increase the stored energy and the rest lifts the armature. 

The. energy stored in the magnetic circuit under the new 
conditions, with flux <j> + A cf>, 

= Area Obd . 

Hence, mechanical work done = initial stored energy + energy 
supplied from the line — final stored energy 

or P . A g . * Area Oac + Area cabd - Area Obd 
= Area Oab 
— Area Oa'b' 

# 

where Oa' and Ob' in Fig. 2 represent the magnetization curves 
tor the air gaps g and g — A g respectively. 
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But, for very small values of A <j> t 


Area Oa'h' = • Ampere-turns for gap A g X <j> 

• 10 “ 8 . .watt-sec. 


<£ 2 
87 tA 

X A g X 10 ~ 7 . 

. . . watt-sec. 

OO 

II 

\ 

■ X kg = P XA g- 

.ergs. 

or, Pull in dynes, P = ■ 

_ B 2 A 


87 xA 87 r 



This formula is thus true whether the magnetic circuit is 
saturated or not. It will also be seen from the above what is 
meant by A in the formula, and how problems involving slotted 
armatures are to be solved. 

The subject of magnetic pull in dynamo-electric machines has 
not received much attention in recent years; in fact, it appeared 
as if the whole field had been covered by 1911. 

Fisher-Hinnen 1 , in his “Dynamo Design” published in 1899 
derives the following formula: 

3 2 A x \ 

xW ’ “To/ 

where B = density of flux in the air gap, in lines per sq. cm. 

A = section of the pole face, in sq. cm. 
x — rotor displacement 
g — air-gap clearance 

a = ratio of the reluctance of the total magnetic circuit 
to that of the normal air gap alone. 

C is a calculated coefficient, given in the following table: 


Value of C 

Number of poles 

Remarks 

2 

4 

Displacement along axis of field magnets. 

2.8 

4 

Displacement along neutral line. 

6 

6 

Displacement along axis of magnet. 

9 

8 

Displacement along neutral line. 

15 

12 

Displacement along neutral line. 

. 20 

16 

Displacement along neutral line. 


Pull, in dynes 




25 


1. See Bibliography. 
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B. A, Behrend 2 in 1900 gives a mathematical discussion of 
the case of a machine with a very .large number of poles and 
derives the formula 


Pull = 


B 2 S' 

8ir 


2x 

1 


where S' = t X R X l — | X total air-gap area, and shows 
that this is exactly one-half the value obtained by assuming that 
half of the poles have a gap g — x and the other half a gap 
g + x* 

If we substitute for S' = | X A X poles, Behrend’s ex¬ 
pression becomes 

r 

Pull = —— • — • poles. 

8tt g 


Edgar Knowlton, 3 about the same time, derives an expression 
for a machine with a definite number of poles and obtains the 
formula 


Pull in lb. 


( 


B 2 A 

77,134,000 


• — ) C 

gOLf 


where B = normal gap density in lines per sq. in. 

A = area of pole-face in sq. inches 
# = displacement 
g — normal air gap 

a = ratio of the total reluctance of the magnetic circuit 
to that of the normal gap alone. 

C — a coefficient, obtained by calculation 
= 2 for 4 poles 
= 4.7 for 6 poles 
= 7 for 8 poles 
= 9.6 for 10 poles 

Above 10 poles, C = number of poles, and the formula then 
checks with that of Behrend. 

Knowlton’s expression is of exactly the same form as that of 
Fisher-Hinnen, but the constants given by the two authors for 
6 and 8 poles differ considerably. Knowlton, moreover, states 
that it makes but little difference whether the plane of deflection 
is taken through a pole or between two poles. 

Hans Linsenmann 4 , in 1902, uses the saturation curve directly 

* Note that in the following paper Rosenberg formulates a similar 
statement. 
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(as is done in Fig. 3 of the following article by Rosenberg) for 
determining, at a given excitation, and with sine distribution of 
flux under the pole, the variation of the average magnetic pull' 
per pole with the length of airgap. He expresses this variation 
by an approximate equation and introduces it into the general 
equations connecting th'e bending moments of the deflecting 
forces in large alternators. 

J. Rey 5 , in 1904, states that Behrend’s and Fisher-Hinnen’s 
formulas are not consistent and sets out to derive a new formula 
especially applicable to induction motors with eccentric rotor. 
Rey’s formula is 

Pull in dynes = %~r C ^«//) 2 $ X C 


where B e/ y = B av X 1.1 for a sine distribution of flux 
S = rotor surface = 2irRl 
C =/(€) 

e = eccentricity, expressed as a fraction, in terms of 
the single air gap = x/g ] 

and for 


€ = x/g = 0.05 0.1 0.15 0^2 0.25 0.3 0.4 0.5 

C = 0.157 0.319 0.488 0.688 0.866 1.084 1.63 2.415 


For an eccentricity less than 20 per cent, this formula reduces 


to 


Cgsr/3 2 

87r 2 


X s X 


0.488 x 
0.15 X g 


_ .... (Be//) _ x 5 x — approximate within one per cent, 
87 r g 

which is identical with Behrend’s formula, because with a sine 
distribution of flux, as in an induction motor, (. B e y /) 2 is the 
average value of (B) 2 , where B is the density at any point along 

the gap. 

J. K. Sumec 7 derives a similar formula to that of Behrend and 
Rey, but by certain transformations reduces it to the form 

B 2 1 

Pull in dynes — g [1 —(x/g ) 2 ] 3/2 

This is the same as Behrend’s formula except for the last term 
which for an eccentricity as large as 25 per cent, is equal to 1.1 
or a difference of only 10 per cent, while for eccentricities below 
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10 per cent, the correction term differs from unity by only about 
one per cent. 

Sumec’s formula, as might be expected, gives the same values 
as that derived by Rey. It is to be noted that in most of the 
formulas derived mathematically, the effect of the reluctance of 
the iron part of the magnetic circuit is neglected; the assump¬ 
tion made that the flux density is inversely as the airgap is there¬ 
fore only true in unsaturated machines 

In 1905, B. Soschinski 8 gives an account of some tests made 
to check the formulas of Rey and Sumec. Very good agreement 
was obtained for small airgaps and iron feebly saturated, taking 
the area and flux density at the top of the teeth but with increas¬ 
ing saturation, the calculated results (iron reluctance neglected) 
were higher than experimental ones. With larger values of 
airgap, however, th.e test values were throughout higher (up to 
100 per cent). The latter result was accounted for by the fact 
that as the armature moves to one side the lines become con¬ 
centrated at the tooth tip on the side of the reduced gap and 
spread out on the side of the increased gap. 

In the same year (1905), Niethammer 9 , by a transformation 
of Sumec s. expression, obtains the following formula which 
permits taking into account the reluctance of the iron path by 
determining the flux density fcom the saturation curve, as is 

done by Rosenberg. This expression is regarded by him as 
giving the most reliable results. 


Resultant pull, in kg. 



where 


p = number of pairs of poles 

A = mean effective cross sectional area of 
gap per pole in sq. cm. 


derivi 9 ^ 7 ’ PlC0U • T tmg Wlth the relation stored energy, 
ficaZ of tW 6SS1 T I magnetiC attraction > a *d ^es a modl 

? R M “ “ - t0 Sumec for ^balanced pull. 

m 19U ’ g^es a graphical method for studying 
. , “” balan « d magnetic pull, by using Maxwell’s formula and 
the gmen saturation curve of the machine, and summing up the 

Sta theZTo d ,a >”) h,1 r s 0f ad i° inin S P°l» fates. He 

tT gaP T’* 11 ’ 8 aCmSS theSe faCes to *>>e given 

excitation. Upon plotting the unbalanced magnetic pull for 
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various field excitations he establishes the important fact noted 
by Rosenberg that, for low saturations the pull increases with 
the excitation; at a critical density, however, corresponding to 
about the knee of the magnetization curve, the unbalanced pull 
reaches a maximum for all eccentricities., and for larger excita¬ 
tions then decreases again. Therefore a machine, which normally 
operates at high saturation, may be subjected to greater stresses 
while it is building up than under normal field excitation. 

Miles Walker 14 in his book on “Specification and Design of 
Dynamo-Electric Machinery” (1915), points out that the 
amount of the unbalanced pull for a given displacement will 
depend on the extent to which the iron parts are saturated, and 
that the effect of increased saturation is to reduce the pull for a 
' given airgap clearance and magnetic induction. He first assumes 
that all the ampere-turns are expended in the airgap and by the 
usual method derives an expression for the unbalanced pull 
exactly similar to that of Behrend (see above). He then shows 
how the saturated magnetic circuit may be replaced by an equiva 
lent airgap obtained by means of a graphical construction on 
the saturation curve of the machine, and then uses this equiva¬ 
lent airgap in the formula for the unbalanced pull. 

R. E. Hellmund 11 , Miles Walker 14 and others Eave pointed out 
the effect of series and parallel windings on the unbalanced pull 
and have also discussed how the unbalanced magnetic pud in 
the induction motor may be reduced to a minimum, by using 
in the stator winding two paths in parallel which lie on opposite 
halves of the frame and thus make it impossible for the flux on 
these two halves to be very unequal. 
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MAGNETIC PULL IN ELECTRIC MACHINES 

BY E. ROSENBERG 


List of Symbols 

Pole face area in square centimeters 

Magnetic induction (flux density in the airgap.) 

Reduced induction with increased airgap 

Increased induction with reduced airgap 

Critical induction, causing maximum unbalanced pull 

Differential quotient of induction and magnetomotive 

force in lines per sq. cm. and Gilbert’s (4ir/10 ampere- 
turns) respectively 

Rotor diameter 

Voltage 

Differential quotient of voltage and exciting current 

‘'Gravity deflection”; deflection of the horizontally 
placed shaft under the static influence of the rotor 
weight 

Unbalanced magnetic pull of the machine, due to a 
displacement x 

Unbalanced magnetic pull of the machine, due to a 
displacement f 

neutr . In two-pole machines: Unbalanced pull due to dis¬ 
placement x in the direction of the neutral diameter. 
axis In two-pole machines: Unbalanced pull due to dis¬ 
placement # in the direction of the field axis 

“Correct” airgap, takers as an average around the 
machine 

“Virtual air gap”, which, for low induction, would 
require the same m.m.f. as the magnetic half circuit 
of the machine 

In two-pole machines: Phantom air gap of the interpole 
(air gap of an imaginary interpole with same section 
as the main pole, which would require the same 
m.m.f. for the passing of a certain flux as the real 
interpole) 
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G 

H 

• 

L 

n 

n C r 

2 P 
a 



< i . 


n#, 




T 

x X 

tan o: 
X 

X mom. 
a 

6 


Rotor weight 
Magnetomotive force 
Exciting current 

Effective length of rotor (air ducts subtracted) 
Revolutions per minute 
Critical speed in rev. per. min. 

Number of poles 

Ratio between the combined deflection of all the 
machine parts, caused by unbalanced pull, to the 
displacement, causing the unbalanced pull 
Ratio between rotor deflection caused by unbalanced 
pull to the displacement causing the unbalanced pull 
Ratio between combined deflection of the other machine 

parts to the displacement causing the unbalanced 
pull 

Ampere-turns per pole required to produce a certain 
induction (within the straight line characteristic) in 

magnetic circuit of the machine with 1 < cbrreot M air 
gap 

Ampere turns required to produce the same induction 
in the air gap x 

Gradient of the magnetization characteristic 

Displacement of rotor and stator centers 

Final static displacement 

Final momentary displacement 

Local angle between magnetization curve and horizon¬ 
tal 

Angle between point of periphery and symmetry 
diameter 


Note: Lengths are given in centimeters, forces and weights 
in kilograms, inductions in lines per square centimeter, unless 
otherwise stated. 

Designers who figure in incjies and pounds and who use “Kapp 
Lines per square inch ’ 1 (one Kapp Line being equal to &000 c.g.s. 

lines), substitute for j the value J - (B Kapplines/sq. 

inch) 2 , to obtain the pull in pounds per square inch in formulas 
(1) to (10a). 

- The critical speed, formula ( 11 ), changes to 


n C ril. 


V 1 - q ■ 


188 


, . , _ V Sinch 

rtjineh denotes the gravity deflection in inches. 
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Introduction 

T HE aim of the present paper is to investigate the occurrence 
and the effect of unbalanced magnetic pull in electric 
machines and to derive simple practical formulas for the use of 
the designer. There is an interesting chapter on the subject in 
Miles Walker’s excellent book “Specification and Design of 
Dynamo Electric Machinery” in which for a given induction 
the influence of saturation on the unbalanced pull is considered. 
The present author has endeavored to carry the matter to its 
logical conclusion and to find, whether in a given machine there 
is a “critical induction” which gives a higher unbalanced pull 
than any other, smaller or larger, induction; further, to find a 
simple rule for determining this critical induction, and to investi¬ 
gate the permissible deflection of the machine parts in connection 
with the unbalanced pull, and the influence of the latter on the 
critical speed. Multipolar an,d bipolar machines on the one 
hand, and those with salient poles and cylindrical fields with dis¬ 
tributed winding on the other hand, show very striking differences 
although the maximum of the forces occurring can be covered 
by the same formula. 

A. Magnetic Pull of a Pole and of a Series of Poles 


The magnetic attraction on a square centimeter of a pole face 



B* 

8 7r 


dynes 


or, with an accuracy of nearly 1 per cent, 

B \ 2 

kilograms, 

if B , the flux density in the airgaps, immediately adjoining the 
pole face, is expressed in c.g.s lines per sq. cm. To get the pull 
per pole, provided the pole extends over a comparatively small 
part of the periphery, we have to multiply by the area A of the 
pole face, measured in square centimeters. In general, in electric 
machines the magnetic pulls of the different poles are equal and 
are arranged symmetrically around the center. With a stator 
of the same stiffness in all diameters the magnetic pull would 
only cause a certain well defined and moderate strain all around 
the machine. With a split machine, however, especially if the 
joints are not very well stiffened, the deflection of the frame In 
the vertical direction will be different from that in the horizontal 
direction and a distortion may result which actually reduces 
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sensibly the airgaps in the diameter perpendicular to the plane 
of the joint. Each half of the stator can be considered as a 
beam, the support and fixing or the upper half being different 
from that of the lower half which contains the feet. 

It can happen that, through error or accident, only part of the 
poles are excited. The worst case will be when all the poles in 
one half of the machine are over-excited, the poles in the other 
half being without excitation. The mechanical parts of the 
machine should be strong enough to withstand this condition 
without being overstrained, although it will not be possible in 
large machines with small airgaps to pre¬ 
vent entire pulling over of the rotor 
against the stator core. Considering the 
resulting force on the one half of the 
rotor or stator, it is clear that every 
pole, the center line of which describes 
an angle 6 with the symmetry line (Fig. 

1), will contribute a component in the direction of the symmetry 
line 

B \ 2 . 

5000/ ‘ A ' cos 6 

The average value of the cosine function over a quadrant is 2fir. 

t erefore the machine has 2p poles, only p neighbouring poles 

emg excited, the resulting force, both on the stator and rotor 
will be ’ 



7 r ' (500oj ' A - P (1) 

If the air gap density B is not constant over the whole pole face, 
but graded, the mean value of B 2 should be taken. 

The unbalanced pull, which appears when only half of the 
machine is exteited, grows with the second power of the air gap 
density or of the flux. With an air gap density of 5000 it is one 
kilogram per sq. cm.; with a density of 10,000 it is four kilo- 
grams per sq. cm., and with a density of 12,250, six kilograms 

hac rh m ' -j 6 ^ lgiiest possible, not the normal, saturation 

the acid^r 3 6 t0 P? Vide f0r this case > for ^ is likely that 
of the 1 ° r -?, rr ° r Whlch qauses the non-excitation of one half 

f or i^t ’ I the over - excit *tion of the other half as 

ind ^res 0 ?’ ^ f the exciting cails are 0Qnne cted in series, 

ScuxTed n V°u ° PPOSite C ° ilS beCome accidentally short- 

ircuited. It must be ascertained whether both the shaft and 


i) ’ A • P 
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frame etc. will withstand the force found by formula (1) without 
overstraining, or whether the rotor core will pull over hard 
against the stator core with some lower force which is not suf¬ 
ficient to cause overstrain. 

B. Unbalanced Pull Due to Eccentricity 

I. Multipolar Salient-Pole Machines. An entirely different 
and very general case is that of a machine, the coils of which 
have an equal excitation, but cause a different flux under the 
various poles due to differences in the air gap. Many causes 
contribute to such a condition. Frequently the outer surface of 
the rotor and the inner surface of the stator are not perfectly 
cylindrical. Even if they are perfectly cylindrical and concen¬ 
tric while the machine is cold, a noticeable deviation may occur 
due to the difference in temperature between stator and bedplate 
when the machine is heated. With a machine of five meters 
diameter, for instance, a difference of 20 deg. cent, in the average 
temperatures of frame and bedplate would correspond to approxi¬ 
mately one mm. difference in length. If both feet of the hotter 
frame are rigidly bolted down to points of the cooler bedplate, a 
distortion of the frame will result; if only one foot is rigidly 
fixed, a shifting of the stator center will occur. 

Another factor is the clearance between shaft and bearings. 
Even with perfectly new bearings this clearance can be measured 
by tenths of a millimeter. While the machine is at rest, the oil 
is squeezed out from underneath the shaft, and all the clearance 
will be between the top part of the shaft and the upper bearing 
shell. In this position the machine is erected and centered. 
When the machine is running, the bearing is flooded with oil and 
the clearance divides equally around the shaft. Very frequently 
of course, imperfect erection, a bending of the shaft or slight 
subsidence of the foundations with consequent distortion of the 
bedplate may be the cause of a displacement of the rotor and 
stator centers. 

We shall now investigate the case of a rotor and stator each 
with a cylindrical surface, but with the centers displaced by an 
amount x (the eccentricity). Without displacement, the radical 
airgap would have a constant value g. The diameter drawn 
through the two centers we shall call “symmetry diameter’'. 
Assume, first of all, a multipolar machine with salient poles, all 
the exciting coils giving'the same number of ampere-turns. In 
the symmetry diameter the air gap will in one place be reduced 
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to g — x, in the opposite place increased to g + x. At points, 
the radius through which describes an angle 6 with the symmetry- 
diameter, the increase or reduction of the airgap will be, with 
close approximation, x . cos 6. At right angles to the symmetry 
diameter the increase or reduction will be practically zero. 

The flux emitted by one field pole returns through the contig¬ 
uous halves of the neighboring poles. In a bipolar machine 
the flux of each pole is the same in spite of air gap differences; in 
a multipolar machine the poles of one half of the machine will 
carry a greater flux than those of the other half, unless the 
winding arrangements prevent this (equalizing connections). 

• These apart, the flux of each pole will be different from that of 
the others, dependent upon the local air gap. Poles in the 
diameter at right angles to the symmetry diameter will carry the 
normal flux, for their neighbor 
poles in the one half (with 
reduced air gap) will tend to in¬ 
crease their flux just as much as 
those in the other half (with in¬ 
creased air gap) will tend to 
reduce it. The result is that in 
a multipolar machine each pole 
may be considered as if it would 
create its own flux and not be 
dependent upon adjacent poles. 

We assume the machine is excited to give, with the mean air 
gap, a flux density B lines per sq. cm. of pole face. Where the 
air gap is reduced tog- x, the density will have a greater value 

n’ a ^t Wf the air gap is ^creased to g + *, a smaller value 
W 16 &St ^ ves a grater magnetic pull in one direction 
than the second m the opposite direction, and the difference of 

the two pulls or the “local unbalanced pull” in kilograms per sq. 
cm. of the pole surface is given by the formula 


B 




t0 f etermine r the flux densities 5, and B u if the mag- 

aScis^Tofthf ^ iS given ' In Fi *- 2 the 

Mqissas H of the curve represent the exciting m.m.f. per pole, 

the nnlP f° rdma !t S f’ represent the flux density per sq. cm. of 
pole face, with the normal air gap.' 0 N = K M represents 

a certain m.m.f., required to produce the induction B OG i s 
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the "‘air gap line”, the portion KL representing the m.m.f. 
required for the magnetization of the air gap g, the part L M the 
m.m.f. for the magnetization of the iron. The real existing air 
gap, however, is not g but is g + x in one case and g — x in the 
other. We draw through 0 two lines 0Y X and 0Y 2 such that 
for any induction B (= N M), K X L represents the m.m.f. re¬ 
quired for the air gap g + x and K 2 L the m.m.f. for the air gap 
g — x. We then draw through N two lines respectively parallel 
to these new axes 0 Y x and 0F 2 . The points M x and M 2 where 
lines so drawn intersect the magnetization curve then give the 
actual air gap densities B x and B 2 under the poles with the in¬ 
creased and with the reduced air gap, for a given excitation 0 N, 


because 


hi Mi = h 2 M 2 — 0 N. 


B 


Fig. 3 is a repetition of Fig. 2 without 
unnecessary lines. 

In general, the abscissas of the 
lines 0 Y x and 0 F 2 (Fig. 2) will bear 
to the abscissa of 0 G for the same 
flux density very nearly the ratio of 
.the displacement x to the air gap 
length g. Only if the displacement is 
H very great compared with the average 
air gap and if the machine has open 
slots, will the proportionality be 
markedly disturbed due to the well known crowding of the 
lines in the air gap near the teeth. Thus, if teeth and slots have 
equal width and the normal radial air gap is equal to half the 
width of the slot, then in the extreme case of a machine pulling 
hard over, the abscissa of the line 0 Y x will be equal to aboujt 



0.85 of the abscissa of the line 0 Y 2 which latter one, of course, 
then coincides with 0 F. 

For small displacements, 0 Y x and 0 F 2 can always be drawn 
symmetrical with reference to the ordinate, and their m.m.f. for 
a given induction B is approximately ±x.B, where the displace¬ 
ment x is measured in centimeters and the m.m.f. in gilberts 


\~To" am P ere - turnsJ 

In formula (2) there appears the sum and the difference of the 
two inductions B 2 and I 11 Fig. 4 the part M X MM 2 of Fig.2 
is drawn on a greater scale and also the chord M X M 2 which cuts 
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tori angSl^ differete^T- ““ 

represented by 2 *>1 is m the figure 

MiP 1 and P 2 M 2 are the abscissas of the * f .w ar . f • .. . 

inductions B\ and B, respectively are therefor^ 7 + 
and # B 2 . We therefore hav e & f 6 equal to * B x 



The expression x - dBm formula (T\ ^ ^ , 

necessarv tn ^™a . rmula (3) represents also the m m f 

necessary to produce an mcreaqp///? i*-n a- • * ■ r * 

while d H represents the m m f i ductlon m an air & a P %, 

the mapnptiV u u • * ^ er P°* e nece ssary to produce in 

magnetic half circuit of the machine with the correctairJap 

the same increased B in induction. The ratio is there . 

the ratio of ^ho corresn^ndT 6 and Can alS ° be re P laced b y 
quired to drive through the ^ am P ere turns; ampere turns re¬ 
in flux density divided bv i-h^ 8 ^ * ** mfinitesimal increas edB 
drive thro J t^^ to 

rect air gap the same increase in flux densSJ 
Looking closer into the approximations which we introduced 
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in formula (3), we find: If x is large and if the magnetization 
characteristic were a straight line (Fig. 5), tjb.e sum B 2 + Bi 


would actually be greater than 2B. 


In Fig. 5 the value 


B2-\-Bi 

2 


is shown dotted in. If, however, the characteristic is strongly 
curved (Fig. 6), B 2 + B x will be slightly smaller than 2 B. For 
hard pulling over, when x reaches the greatest possible value, 
the saturation will in any case be high enough that the curvature 
of the characteristic is marked. We are therefore certain that, 
on this score, formula (3) does not give too low values for the 
extreme case. 

A very important question is, now: How does the expression 
of formula (3) change with growing excitation? The first part 
of almost every magnetization curve is a distinct straight line 
going through the origin of the ordinates. For every straight 




line characteristic, whether or not going through the origin, the 
dB 

gradient -jtt is constant, the unbalanced pull therefore will 
drL 


grow with the square of the induction B. As soon, however, as 

dJB 

the saturation of the iron parts is noticeable, the quotient 


will constantly diminish, and the question is how to find the 


induction B for which the product B 2 * 


dB 

dH 


is a maximum. 



Fig. 7 a graphical procedure is shown. For a point M of the 
saturation curve I the ordinate B = NM is drawn and a line MP 
perpendicular to the direction of the curve in point M. The 
angle N M P is identical with the angle a formed between the 
curve in point M and the horizontal. 
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tan a 


dB 

dH 


N P = N M tan a = B tan a 
and the area of the triangle N M P is 


B ■ B ■ tan a 


B 2 dB 


2 - ~ - 2 dH 

If such triangles are drawn for different points of the curve, the 


triangle area will be proportional to the function B 2 ■ 
the various points. 


dB 

dH 


for 



In order to obtain a curve representing the magnetic pull for 
every excitation, it is now only necessary to replace all the tri- 
ang es N P M by others which have a suitable arbitrary base 

7 ? M I * 8 R r h M and drawin g a lin e P S parallel to 

If* f 0 l !Ti r ° m the elements of ^onietry that the triangles 

JZt. f * S areeq £ al m area ' ( The dne R S of the latter 
triangle is not drawn m Fig. 7). N S is therefore a measure of 

the function B 2 • The scale is determined by the base NK. 

m the ZT C f n iS ' re f ated p0int for P° infc ( for a second point 

in Fiv 15 ° Wn) ’ WS ° btain the bold line curve II 

g- , he first part of which, corresponding to the straight 


II- Rg /cm 2 
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portion of the magnetization characteristic, consists of a parabola 
with vertical axis. Nearly immediately as the magnetization 
characteristic begins to bend, the curve of the pull reaches its 
maximum and from then falls steadily. 

This teaches us a thing of the utmost importance. In salient- 
pole machines which are not entirely unsaturated, it is not suffi¬ 
cient to calculate the unbalanced magnetic pull for a high excita¬ 
tion. The "critical” excitation for which the unbalanced 
magnetic pull is a maximum, is reached at the very beginning of 
the "knee” in the magnetization curve; as generators and 
motors must be able to stand abnormal changes in voltage, the 
unbalanced magnetic pull must be calculated for this critical 
excitation. 

In some machines, exciters for instance, and also turbo-genera¬ 
tors with cylindrical fields, very high saturation occurs in a 
small part of the magnetic circuit (saturation plates or teeth), 
before appreciable saturation occurs in the other parts of the 
magnetic circuit, and in this case, after a very short initial 
straight part, a nearly continuous bending of the saturation 
curve or even two distinct bends can be observed. At even very 
small induction the curve bends, (the saturation plates becoming 
saturated), then there is a straight line characteristic and then 
there is a second bend, (when the saturation of the iron circuit 
as a whole becomes marked). In this latter case the straight 
line characteristic does not go through the origin of the co¬ 
ordinates. The first bend may cause a local maximum of the 
unbalanced pull, that is to say, a point higher than the neighbor 
points, but the important maximum occurs at the second bend 
of the characteristic. The "short cut” explained later on for 
the determination of the "critical induction” does not refer to 
these cases. The character of the unbalanced pull as shown in 
the bold curve II of Fig. 7 is obtained for most electric machines. 

It is not necessary really to construct the whole curve of 
unbalanced pull, point by point. A few points at the end of the 
straight line and at the beginning of the curved characteristic 
are sufficient. What we are interested in is only the maximum 
value of the unbalanced pull and this is, with such characteristics, 
obtained immediately after the straight line p/art of the satura¬ 
tion curve is ended. The only task is, then, to find an official 
"terminus” df the straight line part. 

A rule which the author suggests and which seems to give 
sufficiently accurate results, is to draw a tangent to the saturation 
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curve with a gradient equal to 5/6 of the gradient nf +u x • , 
part of the curve. In Pig- s „• , ^ 4be straigh 

for the characteristic of Fig 7 Throuehth * 3trU . Ct . 10n ls shom 

is drawn which has an ordinate of 5000 ff Z & Hne ° 2 

which the straight ° f 5000 for the sam e abscissa fot 

T T, • ,, , ght me characteristic has an ordinate of fionn 

*» ° *«» 1 *** - «££ *r“. 

has the same or'dinateTas” t* T'“ 8ht « 

We now see the two f^trvro fT -u- •. ;, 

. ... » , 0 Iactors which enable us to redurp in 0 

machine with fixed nrinni^oi a- ^euuce m a 

nxea principal dimensions the unbalanced mag- 
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Pro. 8 

netic pull caused by a definite displacement. The first is to 

increase the air gap, because ~ for the straight „ * . . 

dH ° ine strai &ht part of the 

magnetization curve is vprv poorirr •„ • 

air gap. The second ZZ t 7 mverSe P^Portion to the 

6 h j-uesecona means, however is tn .. . 

section, for example that of Doles and +1 A +n u iron 

the saturation characteristic to bend a Z’ heCause that causes 
cuts short rt* ox - 6 b nd earlier - or m other words it 

Un to n, Part ° f the ma ^etization curve 

SO L for W a We ca } culat ^ the radial unbalanced pull per 
sq. cm. for an eccentricity *. The eccentrioit,, ,u P P 
quadrant from , to zero a/or dm? to iW changes m a 

The radial magnetic pufl pe, ” J V TTf” * “* 

a multipolar machine w ;n Z t q ' n tbe dlfferent Parts of 
Polar machine will therefore be very nearly proportional 
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to x cos 6 and the component of this pull, working along the 
“s ymm etry diameter” will be proportional to r cos 0 • cos 0 
= x cos 2 0 . 

In machines with a number of poles divisible by 4, we may 
always consider together two points, separated by a full quadrant 
one with an angle 0, the other with an angle (90 deg. + 0). The 
sum of the components of these pulls per sq. cm. is 

2 

4 • ( — • [x cos 2 0 -f- x cos 2 (90 deg. + 0)] 

\5000/ dH 1 

„ / ^ V dB 

~ 4 ' 15000/ ‘ * ’ dH ’ 



Pig. 9 

as cos (90 deg. + 0 ) = - sin 0 and therefore cos 2 0 + cos 2 
(MO deg. + 0 ) = 1 - 

In such machines we can therefore always find two pole pairs 
which, taken together, develop the same unbalanced pull as a 
single pole of identical dimensions and induction, the axis of 
which is parallel and the pole face of which is perpendicular to 
the symmetry diameter. 

In a six-pole machine three pole pairs together develop If 
times the unbalanced pull of an imaginary pole pair with an axis 
parallel and a pole face perpendicular to the symmetry diameter, 
as is proved by the following consideration: 

In a six-pole machine we can consider at the same time three 
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places with angles 0 , 60 deg. -j- 0 , 120 deg. -f~ 0 , and we have 
cos 2 0 + cos 2 (60 deg. + 6) + cos 2 (120 deg. + 6) 

= 1 + cos 2 8 , 1 + cos (120 deg. +2 0 ) 

2 f 2 - 


, 1 + cos (240 deg. +2 0) _ 3 

2 “ 2 ~ 

The same investigation for a machine with 10, 14.... poles 
would confirm that the total unbalanced pull can be calculated in 
all multipolar machines, as if the air gap were reduced by an amount 
x m one quarter of all the poles, and increased by x in another 
quarter of all the poles, and left alone in the remaining two quarters. 
As poles of electric machines are symmetrical, there is no diffi¬ 
culty in calculating the pull belonging to one half pole. 

The total unbalanced magnetic pull F x of the whole machine 
will therefore be obtained, if we multiply the pull per sq. cm. 

from formula (3) with t~ , or one quarter of the total pole 
face area of the machine. 


= 

2 


* 4 * 


f B ' 
,5000, 


dB 

dH 


= 2 pA • C 


’ B ’ 

5000, 


dB 

dH 


( 4 ) 


an * n ^ uct * on > situated on the extension of the 
straight line characteristic, which gives the same magnetic pull 

as is5 actually obtained by the “critical” induction. In reality 

7 h m J f Sll ^ tly SmalIer than the critical induction, but we 
speak, with a small inaccuracy, of B m as critical induction, 
or the straight line part of the characteristic, going through 

the origin, we can replace by JflA or T, 

J arc. 


T x stands for the ampere turns required to produce in an air 

r P * tondfT d r ity ”* hi " the slrai »' ht line characteristic and 

hfthe mat.ScdS’rfS””* P ? P ° le ' reqtlired *° produce 
the same lux den™ “ mth the “ rrcct “ r ^ 

The iom,ula takes therefore the following simple form: 


2 pA • ( 


' T> > 

5000, 


Tx 

Tcirc. 


( 5 ) 


i 
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or 



if is the “virtual air gap”, that is to say, an air gap which 
would take, for an induction within the straight line characteris¬ 
tic, as many ampere turns as the real air gap and the iron path 
of the magnetic half circuit together. 

For machines with small air gap, as induction motors, the 
“virtual air gap” is appreciably higher than the real air gap, say 
30 per cent higher or more; while in generators, especially turbo¬ 
generators, the virtual air gap is nearly equal to the actual one. 

Instead of the total pole face area 2pA, we may substitute 
the cylindrical field surface c • tt • DL, if c represents the “pole 
factor” or ratio of the pole arc to the pole pitch, D the diameter 
and L the effective length of the field (air ducts, if any, excluded). 
The formula is then written 

- < • * ^ • m ■ f <«*> 

The factor c is mostly in the neighborhood of 2/3. 

The magnetization curve I shown in Fig. 7 is a reproduction 
of Fig. 347 from Miles Walker’s book. The machine in question 
is an alternator with 40 poles, each with a pole face area of 650 
sq. cm. The radial air gap is 0.51 cm. 

2p = 40 A = 650 g = 0.51 cm. 

The curve II of the unbalanced pull shows that the maximum is 
1.02 kilograms per sq. cm. for a displacement of 0.1 cm. The 
scale for the “pull curve” II is marked on the right of Fig. 7 and 
it can be verified by figuring the pull for any particular induction 
on the straight part of the magnetization characteristic. Taking 
the simpler form of the determination of the maximum (Fig.8) 
we obtain the critical induction B m — 6300. The straight part 
of the line goes through a point with an ordinate B = 4300 and 
an abscissa H = 2500. The ratio 

x ■ dB __ T x 4300 • x _ , 70 
dH Tdrc. 2500 ■ ' * 

The maximum radial unbalanced pull per sq. cm. is therefore 
according to formula ( 3 ) 
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or for a displacement of x = 0.1 cm., 1.08 kilograms. 

This method of calculation gives here a result 6 per cent high, 
which is entirely satisfactory. It is, of course, not necessary to 
calculate at first the force for one sq. cm. Formula ( 6 ) gives us 
direct the unbalanced pull for the whole machine 


‘ x — 2pA • ^ 


-F m 
5000. 


T x 

TrU 


40.650 • 


arc. 


'6300' 

.5000, 


1.72 • 0.1 


= 7100 kg. 

If we had used formula (6) instead of formula (5), we should 
have obtained at first from the straight line characteristic 
_ 2500 A co „ 

£ 1 “ 4300 “ u * °° cm - ^*0.07 cm., or 14 per cent greater than 
the actual air gap) 


— 2pA • ^ 


• — = 40.650 • 

5000/ gl u \5000 


6300 X 0.1 

5000/ '0.58 


= 7100 kg. 

It may be mentioned that Walker figures for the machine in 
question, which works with a normal air gap density of 9160, an 
unbalanced pull of 5400 kilograms. If we make the calculation 
in our way for normal saturation, we should also get approxi¬ 
mately the same result. But, as our investigations have shown 
the normal induction does not give the greatest pull, which 
must be considered by the designer. 

The flux density in the most saturated iron parts (sheet steel) 
corresponding to. an air gap density of 6300 is not more than 
about 11,000 to 13,000 lines per sq. cm. 

A salient-pole machine with given dimensions of the iron parts 
and with a given air gap experiences for a certain displacement 
the greatest unbalanced pull with an excitation, which is, as 
a rule, well below the normal working excitation. There is a 
passage in Walker’s book, which, although it was most likely 
correctly understood by its author, is apt to be misleading. 
Walker says on page 56 that in large alternators with a great 
number of poles and a small air gap, the flux density in the gap 
must be limited to a moderate value, such as 50 kilolines per 
square inch (7750 lines per sq. cm.) to keep the unbalanced pull 
own. Most designers believe indeed that in a given machine 
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with fixed iron dimensions the unbalanced magnetic pull is 
reduced by lowering the saturation. This is contrary to the 
result of our investigation, (unless the induction be reduced below 
the end point of the straight line characteristic.) As long as the 
iron dimensions are not changed, the flux density may be in¬ 
creased to any desired value, and the effect will in fact be a 
reduction of the magnetic pull at the normal voltage, although the 
possible maximum unbalanced pull which has to be considered 
for the mechanical design remains the same. The unbalanced 
magnetic pull can only be reduced by a reduction of the flux, if 
a reduction of the iron sections goes hand in hand with the flux 
reduction. 

II. Multipolar Machines with Distributed Exciting Winding . 
Up to the present we have considered machines with salient poles 



Fig. 10 


in which the induction over the whole pole face would be constant 
but for the displacement of the rotor and stator centres. In the 
case of induction motors, however, and turbo-alternators, the 
induction changes gradually from zero to a maximum. At first 
we shall deal with multipolar machines of this description. The 
rule already arrived at, that the unbalanced pull is the same as 
if the air gap had been reduced by the full amount x in one 
quarter of the poles and increased by x in the opposite quarter 
holds good, from its derivation, also for machines with distribu¬ 
ted winding. 

Let us assume that the curve I in Fig. 7 represents the curve 
of the air gap saturation of such a machine, while the ordinates 
of the bold line curve II represent the magnetic pull in kilograms 
per sq. cm. for a displacement of 0.1 cm. The induction over 
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the pole face may change according to a straight line law, (I in 
Fig. 10), if the machine is entirely unsaturated and if the exciting 
winding (in case of turbo-generators for instance) is equally 
distributed around the whole pole face. These two cpnditions 
are hardly ever fulfilled, but the case forms a starting point. For 
every induction of curve I in Fig. 10 the magnetic pull per sq. 
cm. can be taken from Fig. 7 and so we obtain as curve represent¬ 
ing the local pull over the pole face the bold line parabolas II in 
Fig. 10. The average value of the pull taken over the whole 
pole face is in this case exactly 1/3 of the value corresponding 
to the maximum induction. The area of the dotted rectangle III 
in Fig. 10 is equal to the area enclosed by the base and the double 
parabola. This, however, does not represent by any means, the 
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Fig. 11 


maximum unbalanced pull possible in this machine. In Fig. .■ 11 
the field form I and the "pull curve” II are drawn for the case 
that the induction in the center of the pole is increased to 10,000. 
The average value of the pull, line III, is here 66 per cent of the 
maximum value. A full review of the possible changes in the 
average value of the pull is given in curve III of Fig. 12. I and II 
in Fig. 12 are repetitions of the curves I and II in Fig. 7. The 
ordinate of curve III for any given abscissa gives the average 
value of all the ordinates of the pull curve II starting from the 
abscissa 0 up to the abscissa in question. As long as the pull 
curve II follows the law of a parabola, the ordinates of curve III 
are exactly 1/3 of those of curve II. The further points are 
obtained by point to point calculation. With this curve it is quite 
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easy to give the average value of the pull over one half-pole (and 
therefore over the whole pole), if the total m.m.f. per pole or the 
highest induction is known. The curve III has a maximum of 
about 66.5 per cent of the maximum of curve II for a highest 
induction of 10,500 lines per sq. cm. The curve III is very 
much flatter in its upper part than the curve II and its ordinates 
exceed 60 per cent for abscissas varying from H = 6250 to 
H = 12,000. In a machine with distributed winding there is 
not by any means the marked falling off of the unbalanced 
magnetic pull, after a certain comparatively low induction is 
reached. On the contrary, the magnetic pull remains very 
nearly constant over a wide range of possible inductions. 



Fig. 12 

As a rule, the winding in turbo-generators and induction mo¬ 
tors is distributed so as to give a more sinusoidal shape of the flux. 
For instance, the middle third of a pole face is left without 
exciting winding, and the winding is only distributed in the first 
and third part of the pole. If rotor and stator are slotted evenly 
all around the periphery, as is the case in induction motors, a-c. 
commutator motors and sometimes also in turbo-generators, the 
field form can be represented by curve I in Fig. 13, while curve II 
shows the local pull and the dotted straight line IV the average 
value of the pull in this case, the area of the dotted rectangle IV 
being equal to the area enclosed by curve II and the base. It 
is quite easy to determine the average pull value over the pole 
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for any saturation by combining'the'curves II and III in Fig. 12. 
It is shown as an example for the abscissa ON, which corresponds 
o an induction N I (curve I). Two-thirds of the pole has an 
induction gradually rising from zero to the value mentioned before. 

e average value of the pull in this part is given by the ordi¬ 
nate N III. One-third of the pole face has a constant induction 
N I, its pull per sq. cm. being represented by the ordinate N II. 
Io get the average over the whole pole, we take 2/3 of N III 
and add 1/3 of N II, thus obtaining the ordinate N IV. The 
distance III . IV is one-third of the distance III • II. If W e 
now the maximum value of the induction or the total m.m.f. 

or< ^ na ! e °f curve IV gives at once the average value 
o t e pull for this field form. A value of 2/3 of the peak ordinate 



Fig. 13 


of curve II is in the example of Fig. 12 already obtained for an 
induction of approximately 7700, the highest value of IV is 70.5 
per cent of the peak value of II and corresponds to an induction 

of 9300, the line of 2/3 is reached again for an induction of 

10,600. 

• 

Other magnetization curves were investigated by the author 
and a slightly higher value was found for the maximum pull of a 
pole with such distribution of winding. 

We can very well say, in a machine with a field slotted all 
round and a distributed exciting winding, the unbalanced mag¬ 
netic pull for a given displacement remains very nearly constant 
with saturations as they are practically applied, and it is approxi¬ 
mately 2/3 of the value which would be obtained, if the whole 
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active cylindrical surface of the rotor were equally excited, so as 
to give the “critical induction”. In semi-cjosed-slot rotors the 
active rotor surface is very nearly equal t . DL, L representing 
the effective length, after deduction of air ducts. For such 
machines we can therefore use the formula obtained for salient- 
pole machines 

(m) ■ ir m 

the value of c or “pole factor” being roughly 2/3 for closed-slot 
rotors. In a salient-pole machine we have called “pole factor” 
the ratio of the pole arc to the pole pitch and this value as a rule 
is also about 2/3. The maximum unbalanced pull in a machine 
with a field slotted all round and with distributed winding is there¬ 
fore approximately equal to the maximum pull in a machine with 
salient poles having a pole factor of 2/3. 

With open-slot rotors (turbo fields) the surface 7 r D L should 
be reduced by the area of the slot openings. It must be bom in 
mind, that, with the reduction of the surface, goes hand in hand 
a nearly proportional increase of the value of B m , the critical 
air gap saturation, because the saturation curve starts to bend 
when the iron saturation, and not when the air gap induction, 
reaches a certain value. As B m appears in the second power, an 
open-slot rotor will give a slightly higher value for the unbalanced 
pull than the closed-slot rotor. 

To get an accurate result in turbo-generator fields which are 
not slotted in the middle part of the p'ole, two magnetization 
characteristics should be considered: The one for the solid part 
(say 1/3 of the pole width) with the highest induction, and the 
other for the slotted part, with induction grading down to zero. 
The critical induction of the slotted part will be appreciably 
lower than that of the solid part. The unbalanced pull contri¬ 
buted by the slotted parts, will only be about half of that con¬ 
tributed by the solid part. The latter corresponds to a salient 
pole with a pole factor 1/3. The factor for the whole machine, 
if B m for the solid part only is put into the formula, will then be 
about 0.5. 

On the other hand, it is possible to adhere to our accustomed 
pole factor 2/3, if one constructs a mean magnetization curve 
about the average between that of the slotted and that of the 
plain part and considers the B m and g x of this mean curve. . . 

The case is similar to that of a salient pole with graded airgap. 
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salient odinf- ' ! Often in 

in the f?u S h f Eir ga ? ' S n0t constant but a minimum 

tins The in A ^ mcreased gradually towards the 

alf Darts 6 . 1 eduction therefore cannot reach the critical value in 
1 parts of the pole face at the same time. The maximum pull 

reached when the middle part of the pole has the 
critical induction, because it would mean that all the other parts 

ave a ower induction and therefore contribute an appreciably 

machine^vd+i?^ ?? the maximum - will be just as in 
SilH 1 1 \ Winding ’ that the maximum resulting 

f, . 8 obtamed Wlth a higher saturation in the pole center and 
at the upper part of the curve, representing the magnetic pull 
dependent on the excitation, is flatter than for a machine iSth 
cons ant induction over the pole face. If in one part of the pole 
tion reaches the critical value, this part gives the maxi- 
mum pull. The parts from there to the corner which have lower 
va ues of induction, give a much smaller pull per sq cm • the 
parts towards the center of the pole with higher inductions also 
give a pull below the maximum, but not falling so rapidly. If 

t ?J e ,^ Cltatl ° n 1S mcr eased, the point of the critical induction will 
shift towards the corner, increasing the pull of the corner parts 
and reducing that of the center parts, so that the total change 
m pul is not so very marked. If the excitation is lowered, the 
critical induction will shift more towards the center, increasing 
the pull there and reducing the pull of the corner parts. In 
general, it will be possible to change the excitation within com¬ 
paratively wide limits without very great change of the resulting 
unbalanced magnetic pull. The calculation of the greatest value 
of the unbalanced pull can be made, with sufficient accuracy for 
practical purposes, as if the air gap (without displacement of 
the rotor center) had a constant mean value 

IVa. Bipolar Salient-Pole Machines. In multipolar ma¬ 
chines the flux leaving the field at a place where the air gap is 
reduced by the eccentricity, also returns into the field in a place 
where the air gap is reduced. The sum total of all the fluxes 
ta en over one-half of the machine will therefore be greater than 

the sum total of all the fluxes taken over the other half of the 
machine. 

The same possibility exists in a two-pole machine, if the 
eccentric displacement is at right angles to the field axis. In Fig. 

14 this ease is shown. A rotor is assumed with salient poles 
built m the manner of the Siemens H armature, with one exciting 


ROSENBERG: MAGNETIC PULL 


1447 


coil, the pole face covering a greater arc than is usual in'.actual 
machines, but presenting a distinct neutral zone. The field axis 
A A i has a distance x from the stator c enter. It is clear that in 
this machine, lines of force leaving the left corner of the upper 
pole, marked 1, will after passing through the armature, re-encer 
the field at the left corner of the lower pole, marked 4, while lines 
leaving the field at the right hand corner 2 of the upper pole will 
re-enter at the right hand corner 3 of the lower pole. In the half 
machine on the left side of the axis A A i the air gaps are through¬ 
out smaller than on the right side, and as the two sides represent 
two parallel magnetic paths with different reluctance, the total 
flux on the left side will be greater than the total flux on the other 
side. This case is similar to that of a multipolar machine except 
for the fact on the one hand that through the neutral zone a 




considerable part of the magnetic pull is cut out, while on the 
other hand the saturation of the stator and rotor cores is hardly 
influenced by the unequal distribution of the flux in the two 
machine parts. In order to find out the air gap densities B 2 and 
Bi corresponding to a certain displacement x, a magnetic charac¬ 
teristic of the air gap, teeth and pole tips should be drawn, 
excluding the ampere turns required for the cores, and therefore 
the critical induction B m will be higher and the local unbalanced 
pull resulting from the eccentricity will be greater than it would 
be if the magnetic characteristic of the whole machine had to be 
considered. 

A different state of affairs exists if the rotor center is displaced 
with regard to the stator center by an amount x in the direction 
of the field axis. (Pig. 15). Although the air gap in the left 
half is smaller than in the right half, the total flux must be equal 
in both halves, if no flux can return through the neutral zone. 
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The lines of force pass in series through the smaller and the larger 
air gaps. The only effect of the eccentricity will be a diff erent 
distribution of the flux over the pole faces. Let us assume for 
simplicity s sake that the rotor in a central position the air gap 
induction over the whole pole face would be equal. Then it is 
clear, that with the rotor shifted as in Fig. 15 the flux density 
will be a minimum in the center A of the right pole, where the 
air gap is a maximum, while it will increase gradually to the 
corners 1 and 2 of the pole. In the left pole, however, the flux 
density will be a maximum in the pole center A i and will grade 
down towards the corners 3 and 4. Therefore, considering a 
square centimeter in the middle A of the right pole and one in A l 

of the left pole, there will indeed act on the rotor an unbalanced 
magnetic pull directed to the left. 

The air gap changes, going in a quadrant from the horizontal 
to the vertical position, in the left half from the value g- x to 
nearly the value g; in the right half from the value g + x to 
nearly g. The average values of the air gaps in the left and right 
halves are about g-0.7xandg + 0.7x respectively. 

Within the sector 5-0-6 shown in Fig. 15 the flux density 
will be greater, and m the corner parts 3 and 4 smaller than the 
average. In the opposite sector 7 • 0 ■ 8 the flux density will be 
smaller, and m the corner parts 1 and 2 greater than the average, 
e sectors mentioned will contribute an unbalanced pull directed 

° , , 6 ® ’ * ® corner P ar ts a smaller component directed to the 
right It is clear that the total unbalanced pull in this case is 

wTlUWf an “f- + ^ ° f Fig ' 14 ‘ A tW °- poIe bating field 

will therefore, if its center is displaced with regard to the stator 

e , Xper f nce an ^balanced pull which changes twice during 
a revolution from a maximum to a minimum value. 

12n n ^ aCt r 6 ’ asalient 'P° le of a two-pole machine, covers about 
paraUel to lcase corresponding to Fig. 14 (displacement 

30^del III onT the Hmits for 0 from 1 to ^ are 

TIT cbm “ 

contributed bytids element^ PUH “ homontal direction ' 
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The integration is to be made from + 30 deg. to 90 deg and from 
— 30 deg. to — 90 deg., or the integration made from 30 deg. to 
90 deg. must be doubled. This gives 


VC 

2 


4 DL ■ ( 



X ( 

V5000/ 



cos 2 d-dd 


VC 

T 


The value of the integral is ~ + - - n ,^ - taken between above 

£ 4 


limits, or 


7T 

IT 


V3 

8 


0.307. Therefore 


(■?*) 


x 


neutr. 


1 OOO T\T ( \ 

X « JW O # X/ jL-/ * I w/Y/-V A I * ' 

V5000/ g i 


a 

0.39 • x DL • • — 

V5000/ gi 


(7a) 


The pole factor is here 0.39 instead of the accustomed value of 2/3 
We see that the unbalanced pull in case of a two-pole salient 
pole turbo-rotor with 120 deg. pole angle is only 59 per cent of 
that of a multipolar rotor of the same dimensions and total pole 
area, provided that the critical induction and the virtual air gap 
are the same in both cases. ‘ 

IVb. Bipolar Salient-Pole Machines with Interpoles. Bipolar 
salient-pole machines are used mainly for continuous current, 
while for two-pole turbo-alternators the cylindrical field and 
distributed winding is the rule. 

If there are interpoles in a two-pole constant-current machine, 
the total flux of one main pole can be different from that of the 
other main pole, and the case of Fig. 15 requires a revision for 
such machines. If, for example, the air gap of the north pole is 
smaller than that of the south pole, there will be a greater flux 
in the north pole and the difference in flux will return through 
the iron of the interpiples, creating in the latter ones south mag¬ 
netism, whereas normally they would be neutral as long as the 
armature gives no current. The two interpoles together carry 
the difference between the actual fluxes of the main poles. One 
interpole carries the “excess flux’’ viz. the difference between 
the greater flux and the average flux. In a four-polar machine 
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which has poles in and at right angles to the symmetry diameter, 
no m.m.f. is required to drive the excess flux back, for in that 
case there is, for instance, just as much increase of flux in the 
upper pole as reduction of normal flux in the lower pole. In the 
present case, however, a certain amount of m.m.f. is required for 
the return of the excess flux through the interpole. This will 
depend mainly upon the section of the interpole and the air gap 
under the interpole. In a multipolar machine one per cent 
vertical displacement causes one per cent excess m.m.f., there¬ 
fore one per cent excess flux in the one pole and likewise one per 
cent deficit flux m the opposite pole. Here one per cent excess 
m.m.f. has to drive the excess flux not only through the upper 
air gap, main pole and half yoke, but also through the interpole. 
If the magnetic reluctance of the interpole were equal to that of 
the main pole, the percentage of the excess flux would obviously 
be one-half of the percentage of excess m.m.f. By introducing 

instead oi—lorx —. in formula (3). 

we would obtain the local radial pull for a displacement in the 
direction of the field axis. In general we may introduce the 
idea of a “phantom interpole air gap” (Symbol g a ), or the air gap 
length of an imaginary mterpole with the same section and pole 
tip as the main pole, which would require the same m.m.f. for 
the passing of a certain flux as the real interpole. While gl is 
only slightly greater than the real main pole air gap g, the phan¬ 
tom gap g 2 will be a multiple of the real interpole air gap if the 
section of the interpole is only a fraction of that of the main pole. 
Introducing,, + g2 instead of g u we obtain the element of 

the unbalanced pull component parallel to the field axis for an 
induction B m : 


DL • dd • 4 • 


( \ 

^5000/ 


x 


gl + g2 


COS 2 d 


We assume a pole factor of •/, or a pole arc of 120 deg. The 
“tr “ " -ice 
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above limits, that is 



0.740 


( Fx)ax 


XIS 


2.06 DL 



oc 

Si + £2 



x 

gl + g2 


(7b) 


If g 2 is larger than 2g x (generally it is larger), the pull calculated 
according to this formula is smaller than the pull due to a dis¬ 
placement at right angles to the field axis, formula (7a), which 
is for interpole machines the same as for other two-pole machines, 
as long as the armature gives no current. 

V. Bipolar Machines with Cylindrical Field and Distributed 
Winding. The case of bipolar cylindrical fields lends itself to 
easy mathematical, treatment, if we assume an entirely unsatu¬ 
rated sine-shaped field and a rotor and stator slotted evenly 


around the periphery. 


x 


dB 

dH 


in formula (3) is then constant 


and can be replaced, for a displacement in the direction of the 
neutral diameter, by x/gi. The induction at any point, (starting 
to count the angle d from the neutral diameter bb x in Fig. 16) is 
B sin 6. For a displacement x in the direction of the neutral 
diameter the unbalanced pull is 




For a displacement in the direction of the field axis, the condi¬ 
tions are in principle the same as in two-pole machines with 
interpoles; the phantom air gap of the interpole can be regarded 
here as equal to the virtual air gap of the main pole. We write 
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2 gi instead ofgi + gt and consider further that, if we start do 
count the angle from the field axis, the local induction is B cos 8. 
The unbalanced pull is then 


(F,) 


axts 



DL-d8 -4 
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B cos 8 
5000 
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2 gi 


COS' 
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= 2DL ■ 
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in this case, a displacement in the 
direction of the field axis would 
actually cause a greater unbalanced 
pull than a displacement in the neu¬ 
tral diameter. The upper limit for 
B in these formulas would be B m and 
we obtain pole factors of 0.25 and 
0.375 respectively. The relation of 
these pulls changes, however, if we 
increase the saturation. As long as 
the induction is on the straight line 

characteristic, B 2 - —i s highest for the point a in the field axis 

(Fig 16); this point contributes, for a displacement in the 
direction of the axis, the full value of its radial pull as 
verticalcomponent,. for a displacement in the direction of 

null “TT' the honzontaI component of the radial 
P zero. If, however, we increase the saturation above- 

Bm, than the point of the maximum B 2 ■ dB 


Fig. 16 


dH 


will shift 


goes ^d the h T ! EX1S the Wgher the saturation 

and the hon zontal component of this maximum pull will 

grow, while the vertical declines. - P 

thf S i S V 1 * r f ^ CUrVe COmes int0 P Ia F> we shall abandon 

^ ^ ****** * sine-shaped 

ad return to a field form like that represented in Fig. 13, 
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It is clear to us from the beginning that to obtain the highest 
possible unbalanced pull for a given displacement in the neutral 
diameter, we shall have to choose the excitation high, so as to 
obtain the value B m already for a small angle 6, the cosine of 
which is near unity. 

A four-pole machine with winding distributed evenly over the 
whole surface and with a zero value of field in the horizontal has a 
field maximum under an angle of 45 deg. to the horizontal. The 
maximum pole factor for such a machine was 66.5 per cent for 
the saturation curve of Fig. 12. By far the greatest part of the 
magnetic pull, caused by a displacement in horizontal direction, 
is contributed by the rotor zone lying between 0 deg. and 45 deg., 
and if we are free to choose the induction of the two-pole rotor for 
the zone from 0 to 45 deg. exactly equal to that of the four-pole 
rotor, the unbalanced pull of the two-pole machine will not 
greatly differ from that of the four-pole machine. In the zone 
from 45 to 90 deg., it is true, the induction of the four-pole ma¬ 
chine will fall again, while that of the two-pole machine will 
rise from 45 to 60 deg. and remain constant from 60 to 90 
deg. But the contribution for the total pull from this zone 
does not count for very much. The maximum value of the 
unbalanced pull will be reached in the two-pole machine for an 
appreciably higher peak saturation than in the four-pole machine. 

This is born out in Fig. 17. Curve I represents the induction 
for one-half pole (from 0 deg. to 90 deg.). The peak induction 
(from 60 to 90 deg.) is very high viz. 11,100 lines per sq. cm. or 
75 per cent above the critical induction. The latter one is 
reached already at an angle of 20 deg. Curve II represents the 
local radial pull per sq. cm. for a constant displacement. Both 
curves I and II are transferred from Fig. 12, only the horizontal 
scale being changed. To obtain the component of the radial 
pull in the neutral diameter, we multiply every ordinate of curve 
II with cos 2 6 and obtain thus curve V. For instance, the 
ordinate of V for an abscissa 10 deg. is equal to that of curve II 
multiplied with cos 2 10 deg. = 0.97. For small angles, the 
curve V therefore hugs closely the curve II. The greater the 
angle, however, the smaller the ordinates of V become compared 
with those of II. 

The average value VI of the ordinates of V taken from 0 deg. 
to 90 deg. is, in this case, 31 per cent of the peak value of the pull 
curve II. This also would not change appreciably for an 
equally distributed winding, which would reach still higher satu¬ 
ration from 60 to 90 deg. 
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The same calculation carried through for a peak induction of 
9700 gives 28 per cent as the average value. 

To compare this with multipolar machines we must consider 
that there the average of 66 to 70 per cent which wo took W 
the curves III and IV of Fig. 12 was to be multiplied with one 
quarter of the total pole-face area, while here we have to multiply 
with one half of the total pole-face area. To bring the result 
mto line with the formula for multipolar machines, the value 
0.31 is to be doubled to give the "pole factor”. The pole factor 
is therefore 62 per cent which is very near the value of */, obtained 
m multipolar machines with distributed winding 

For displacements in the direction of the pole axis we have to 



multiply the ordinates of curve TT k • 2 a . 
and to half the values thus obtained Vh™ $ mstead of cos2 6 ' 
between the curves V and II in Fin" 17 ,. e P a | rts g tbe ordinates 
value. The ave-mov* wu r ^ 1 ' halved, represent this 

equals here juTio J t h! ° f ° rdinates between V and II 

The result is, therefore that fTthe ° f CUrV6 V ordinates - 

the unbalanced magnetic null for * “f® represented b y Fi K- 17 

of the field axis is about half of the nf u' T**? “ the dfrection 
neutral diameter. he puJI for displacement in the 

If fho middle t \ q* i 

unslotted, this wfil have^n the^ t0 120 remains 

ment in the direction of the neu'tml PUU ^ a displace ‘ 

6 neutr al diameter, a small effect 
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which may be deemed to be covered already by the small increase 
(from 62 per cent to 2 / 3 ) which we have made in the value of the 
pole factor. 

The ultimate result is that for multipolar salient-pole and cylin¬ 
drical fields and also for two-pole cylindrical fields the maximum 
magnetic pull can be figured from the same formula (6a) and, with 
approximate accuracy , with the same pole factor, viz., */$. 

C. Increase of Eccentric Displacement Due to 

Unbalanced Pull 

A displacement of the rotor from its true central position 
causes a one-sided magnetic pull. A one-sided magnetic pull, 
on the other hand, causes a further displacement. There is a 
force working on the rotor and stator pulling them towards each 
other in the direction where the air gap is a minimum. This 
will cause not only an elastic deflection of the rotor shaft but also 
of the stator frame, of the bedplate and of the pedestals. If the 
machine is not excited, all its parts experience a certain deflection 
due to the weights. The elastic deflections of all parts will 
change if a one-sided magnetic pull occurs, whatever its direction 
may be. A magnetic pull on the rotor directed upwards will 
reduce the apparent weight of the rotor and increase the apparent 
weight of the stator. The transfer of this weight from the rotor 
bearings to the feet of the stator frame will also change the elastic 
deflection of the bedplate. The absolute value of the difference 
in deflection will be the same, whether the unbalanced pull on 
the rotor is directed up or downwards. But if the pull is directed 
sideways, the deflection of the bedplate and of the bearing 
pedestals will be entirely different. All parts of the machine 
contribute their share to the combined deflection. In many 
cases the contribution of pedestals and bedplate may be negli¬ 
gible. Rotor shaft and frame, however, must be calculated in 
every case, so as to be strong enough not to increase unduly by 
consequent deflection an existing initial displacement. All the 
deflections work in the same sense, so as to reduce the air gap in 
the spot where it was originally reduced and to increase it where 
it was originally increased. 

The force Fx of the one-sided magnetic pull, is proportional to 
the displacement x. The elastic deflections of all the machine 
parts caused under influence of the force Fx are proportional to 
this force, therefore also proportional to the initial displacement 
x. The sum of these deflections constitute the 1 'first increment” 



1456 


ROSENBERG: MAGNETIC PULL 


of the original displacement. This increment in displacement 
will cause an increment in the one-sided magnetic pull which 
bears the same ratio to the original pull as the increment in dis¬ 
placement bears to the original displacement. The increment in 
magnetic pull will cause a second increment in displacement, 
this a stecond increment in pull, the latter a third increment in 
isplacement etc. etc. As long as the proportionality between 
displacement and pull exists, every following increment will have 
the same ratio to its immediate predecessor as this to its own 
predecessor. In other words, the initial displacement and its 

increments, are represented by a geometric series which we mav 
write in this form; J 


x + qx-\-q*x-\- q s x +_ 

The sum of the series can only have a finite value, if q x, the first 
increment of the displacement, is smaller than the initial dis¬ 
placement x,. or if q is smaller than unity. The sum of the 

theTormuk™ 3 ^ ^ ^ dispIacement is represented by 
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The original mechanical displacement must therefore be multi. 

plied with the factor - S nhtai-n i 

1 - q to obta m the displacement occurring 

the moment of switching in. 
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We ean now formulate the requirement, that a machine, say 
induction motor, should be free from 1 ‘pulling over,” even if 
the initial displacement of the rotor center is equal to one-half 
of the mean air gap. In other words, the displacement at the 
moment of switching in, should be less than twice the initial 
displacement. 


1 ~+~ g 
1 - q 


must be smaller than 2. 


This gives the result: 


q smaller than f. 

The smaller q, the safer is the machine against pulling over. 
If, for instance, q = 0.2, the displacement at the moment of 

switching in, will be only - __ = 1.5 of the original mechan¬ 

ical displacement. In other words, the machine would only pull 
hard over, if the original displacement were two-thirds of the 
original air gap. 

This calculation considers only elastic deflections. It is, how¬ 
ever, quite feasible that there is, at the moment of switching in, 
at first a movement of the machine parts through a space without 
any appreciable resistance being encountered. Suppose, for 
instance, that there is a clearance in the bearings and that 
nevertheless the air gap between stator and rotor core is smaller 
at the top than at the bottom. At the moment of excitation-the 
rotor will travel freely throughout the clearance of the bearing. 
Only after the clearance is taken up, an opposing force will be 
caused through the elastic deflection of the machine parts. The 
rotor travelling through the clearance has obtained a kinetic force 
which carry it further than according to formula (8b). 

A "momentary” appearance of the field does not only occur in 
induction motors but also in generators, if a circuit breaker opens 
after a short circuit has taken place. While the short circuit 
lasts, the actual value of the magnetic field is very small; at the 
moment of the opening of the circuit breaker, the field suddenly 
rises and it passes certainly also through the value of the “criti¬ 
cal” Induction. 

A measure for the stiffness of the shaft is the deflection, 
produced by the action of gravity. If the machine has a vertical 
shaft, we must, for the purpose of this comparison, figure out 
the deflection which would occur, if the shaft were plaqed hori¬ 
zontally. We shall call this deflection “gravity deflection.” 
Suppose the frame and the other parts of the machine were 



1458 


ROSENBERG: MAGNETIC PULL 


infinitely stiff, so that we need not consider any deflection of 
these parts caused by the magnetic pull. We then could allow 
such an unbalanced pull as to produce in the rotor shaft a first 
increment in displacement equal to 34 of the original displace¬ 
ment. Let us call / the gravity deflection caused under the 
static influence of the rotor weight G. If now we take / as 
original arbitrary displacement, a first increment //3, produced 
by the magnetic pull, would be permissible. A deflection of 
//3, however, is produced by a force equal to G/ 3, provided the 
second force attacks in the same part of the shaft as the rotor 
weight. The latter condition would be exactly fulfilled, if we 
exclude from G the weight of the ends of the shaft protruding 
over the rotor body. But even if this is not excluded, the inac¬ 
curacy is very small. We can therefore say: The gravity 
deflection of the shaft must be within such limits, that the unbal¬ 
anced magnetic pull produced by a displacement equal to that 
deflection is less than one-third of the rotor weight. 

The deflections of the stator frame and the other parts may be 
negligible in small machines and also in turbo-generators and 
high-speed induction motors. In machines with large diameters, 
however, as low-speed induction motors and engine type gener¬ 
ators, they cannot be neglected. There we may divide the quo¬ 
tient q into two parts 

2 = Qr + q„ 


q T being the ratio of the rotor deflection caused by unbalanced 
pull to the displacement causing the unbalanced pull, and q, 
being the ratio of the combined deflection of the other machine 
parts (principally the stator frame) to the displacement. Then 
the force of unbalanced pull caused by a deflection / is 


If we allow 





we may say that the shaft must he strong enough so that a displace¬ 
ment equal to the gravity deflection should not produce an unbalanced 
pull more than 1/6 of the rotor weight, provided that the combined 
deflectwn of the other parts of the machine under a certain un¬ 
balanced pull does not exceed the deflection of the rotor under the 
same pull. Should the deflection of the other machine parts 
under the influence of a certain pull be doubly as great as that of 
the rotor shaft, the highest permissible value for q r would be 1/9. 
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For the calculation of the deflection of the stator frame the 
force, of course, must not be taken as attacking concentrated in 
one point, but must be distributed, the parallel components 
attacking under an angle 9 from the symmetry diameter being 
proportionate to cos 2 9. 

From formula (9) the permissible gravity deflection can be 
directly deduced. The machine, the characteristic of which is 
given in Fig. 7, has a rotor weight of approximately 9000 kg. 
We want to allow an unbalanced pull of not more than say 



• 9000 = 1500 kg. for a displacement equal to the gravity 


deflection. If now the unbalanced pull for 0.1 cm. displacement 


is 7100 kg., the permissible gravity deflection is 


1500 

7100 


0.1 


= 0.021 cm. and the shaft must be made strong enough so that 
this deflection is not exceeded. 

We can establish a direct formula to give us the permissible 
gravity deflection from the point of view of unbalanced magnetic 
pull without at first having recourse to the “arbitrary displace¬ 
ment” x. 

We use formula ( 6 a) for our purpose which is applicable to all 
machines, and substitute the gravity deflection / for the arbi¬ 
trary displacement x. 

77 nr ( V / 

Ft = c * ir D L • ( ^ 7 -- - ) • 

\5000/ gi 


On the other hand is 

r/ = q r • Cr 

It follows 


or 


/ 


q r . G 


C • 7 T D L • ( 5000 ) 


• gl 
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Qr = 


f C ' r D L ' ( 5 OO 0 ) 
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In the previous example c . ir D L, is 40.650 and we obtain 



1/6 • 9000 


40.650 


/6300\ 2 
’ \5000/ 


0.58 cm. 


= 0.021 cm. 


(10a) 
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I™" Sam ?. f , rame had t0 be used also for an induction 
motor with a radial air gap of 0.2 cm. In. the generator the 

virtual air gap was 0.07 cm. larger than the real airgap -Let us 

vah^of 5 -T/r the “° tor ’ then ^ is 0.27 cm. The critical 

there in i f ® reduCed in an Eduction motor, as 

section”1’ a- T r iS appHed Snd therefore the teeth 

section correspondingly reduced. This, as a rule is alreadv 

necessitated by the pt eater mimKa. r , . 1 

in indno+lnn + r numhev of slot s which are usual 

motor Th + ' e \ US aSSUme that -»« is 5000 for the 

. The iotor core has a diameter of 385 6 cm and a 

STcT^I d Td r0m W “ Ch 5 Ventikti0 " tether 

total oole snrf? U n d r ^ length ° f 26 ' 5 cm - The 

total pole surface t D L is therefore 

Tr 385.6 *26.5 = 32,100 sq. cm. 

The permissible gravity deflection for B m = 5000 and q r = 1/6 
assuming the rotor weight to be again 9000 kg. is 


/ 


2 

3 


1/6 . 9000 


32,100 • «_°Y 
\5000/ 


0.27 cm. = 0.019 cm. 


Jhe^meTtht^ 86 permissiWe g ravi ty deflection is nearly 

on the sections J 1 ^ ^ generator - but everything depends 
the sections of yoke, rotor and stator teeth, for they determine 

critical inHnTT ? I saturation makes itself felt. If the 
t cal eduction of the motor were 6000 instead of 5000 the 

permissi e deflection would be reduced to 0.013 cm and'this 

Sn ttat t e h q e U d r fl a f** ff* fmme to C ° mply ^ the con ~ 
dition that the deflection of the other machine parts, caused bv 

the unbalanced pull, should not exceed, the rotor deflection 

enoul J iuT PUlL K the Stat0r cannot be made stiff 

flection woifld U b i aV6 + ? bS reduced ' and tbe permissible de- 

to provide stmh be t-ff S ^ °/ ° 13 Cm ’ Should h be impossible 
provide such stiffness m the shaft, then the machine should 

Wesee SaJi^air^ 11 h mnd ^ ng with e Z ualizin g connections. 
izing oualitieO th maC !l mes ( a P art from windings with equal- 

^ang quabtaes) the consideration of the unbalanced magnetic 
pull fixes a limit to the permissible deflection of the shaft under 

the comS 1 ^? th T° t0r weight ’ l‘ ust as in high-speed machines 
the consideration of the critical speed fixes such a limit, 
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D. Inequalities in Exciting Coils • 

If, in a multipolar machine , one pole is excited with a greater 
or smaller number of ampere turns than the others, the induction 
in the pole in question and in the adjoining parts of the two 
neighbor poles will be higher or lower than in the rest of the 
machine, and an unbalanced pull is set up. The induction is, 
in a working machine, produced by the action of the primary 
exciting coil and the reaction of the armature coil combined. 
Whether the ampere turns of one of the primary coils are different 
from those of the others and all the armature coils give the same 
number of ampere turns, or whether the primary coils work 
identically amongst themselves and one of the armature coils 
different from the others, the effect will be an unbalanced pull 
which is stationary, if the disturbing part is stationary, and 
rotating, if the disturbing part is rotating. Specially, if a coil 
of the rotating part is accidentally short-circuited, heavy 
vibrations will be set up. A disturbance in the balance of the 
machine which only occurs when the machine is excited, accom¬ 
panied by the necessity of an increase in exciting current in order 
to obtain a given voltage, is an indication of a partial or complete 
short circuit of a rotor coil. 

In two-pole turbo-generators with cylindrical field and dis¬ 
tributed winding, the flux density is highest in the middle part 
of the pole and is gradually reduced to zero, when approaching 
a line at right angles to the pole axis. As long as this distribu¬ 
tion is the same in two opposite poles and the rotor is in a central 
position, no unbalanced pull occurs. If, however, one of the 
coils of one pole is short-circuited, the flux distribution in one 
pole will be different from that of the other pole, and an unbal¬ 
anced pull will be set up, rotating with the rotor and producing 
vibrations of the stator. 

E. Equalizing Connections 

In Fig. 18 the winding of an a-c. machine is indicated, con¬ 
sisting of 8 coils, the four coils of the upper half being connected 
in series, as are also the four coils of the lower half. The two 
paths are connected in parallel. The voltage and periodicity 
impressed on the two parts are alike, and as both parts consist of 
the same number of identically situated coils, the total flux 
passing the upper half will be nearly identical with, the total flux 
in the lower half. Any dissymetry would be practically wiped 
out by a slight increase of magnetizing current in the one and 
corresponding reduction of the magnetizing current in the other. 
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An arrangement like this will therefore prove effective against 
the consequences of a vertical displacement of the rotor from its 
true central position. It is, however, entirely ineffective with 
regard to horizontal displacement. If the rotor is displaced to 
the left from the true central position, the coil l a through which 
the same magnetizing current is flowing as through the coil 4 a , will 
cause a stronger magnetic field than the latter, and so will the 
coil 4 ,-, create a stronger field than the coil 1The result there¬ 
fore will be an unbalanced magnetic pull tending to create an 

increment of the displacement which is directed to the left of 
the rotor. 

In a two-phase machine it is possible to arrange the windings 
of one phase with a horizontal symmetry line, the windings of 
the other phase with a vertical symmetry line, and so to provide 
to a certain extent for two components of the magnetic pull. 



In a three-phase machine the symmetry lines of the windings 
can be arranged mechanically under a 60-deg. angle. 

A far more effective arrangement, however, is obtained if 
equipotential connections EE E are added to the windings’ of 
every p ase, strictly equalizing diametrically opposite coils, as 
s own m Fig. 19 The coil 1. is equalized against the diametri¬ 
cally opposite coil 1, On both coils the identical voltage is 
impressed the flux and the magnetic pull on both parts will 

amund r the e Tf This is true of the coils 

nuTwh! ! ClrCUmference and therefore the unbalanced 

pull will amount to a negligible figure 

"*“*”?“* for magnetic equalisation is of 

" I “ e co,ls ™' arc equalised against each other, 
contain the same number of identically situated turns If ' 

*ZZr?- *“* ld accidentaHy become short-circuited or 

be uosef U1 F ’ - e _ ma S netlc balance would of course immediately 
oe upset. Equalizing arrangements in the windings therefore do 
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not free the designer from the duty to design the mechanical 
parts strong enough so as to deal, in case of accidents, with the 
force calculated in formula (1), but for ordinary running con¬ 
ditions the unbalanced pull need not be considered. 

In multipolar continuous current machines with multiple wind¬ 
ing but without equipotential cross connections and with as many 
brush arms as poles, an incomplete magnetic equalization 
between pole pairs is produced by currents flowing between the 
brushes of the same polarity. The part of the armature winding 
moving in a stronger field generates more current, the reaction 
of which weakens the field. As, however, large continuous cur¬ 
rents are required to produce any marked weakening effect 
by armature reaction, the commutation becomes, as is well 
known, very seriously impaired, if there are any sensible mag¬ 
netic inequalities. The tendency to equalization of pole strength 
refers here to all north poles and equally to all south poles round 
the machine. 

, If equipotential cross connections are applied, equally situated 
armature coils are subjected to the same alternating voltage, just 
as the coils of Fig. 19. 

The current flowing through the equalizing or equipotential 
connections as “wattless” current, is as a rule only small, as 
comparatively few ampere turns in the armature are sufficient 
to correct the difference in field strength caused by small differen¬ 
ces in the air gap. If, however, by accident an exciting coil is 
short-circuited, a very large current will flow into the part of the 
armature winding influenced by the pole in question, and there¬ 
fore it is not wise to stint in the section of the equalizing connec¬ 
tions. Cases are known of four-pole constant-current turbo¬ 
generators in which the equalizing connections of the armature 
have been burnt out due to accidental occasional short circuit of 
a series field coil. 

Equalizing connections between coils excited with continuous 
current are, of course, useless for our purpose, as the current 
distribution in such coils is not influenced by the field strength, 
but solely by the ohmic resistance of the parallel paths. In a 
machine at rest, excited with direct current, no equalization of 
flux or pull takes place. 

F. Effect of Unbalanced Pull on Rotating 

Machine 

The effect of the unbalanced magnetic pull due to eccentricity 
may be of a twofold character. If the outer rotor surface and 
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the inner stator surface are truly cylindrical but not concentric, 
w lie the rotor taken by itself is running true, the forces exercised 
by the unbalanced magnetic pull have always the same direction 
m space independent of the rotation and are in the case of multi¬ 
polar machines constant, and only in the case of two-pole rotating 
fields variable. 

If, however, the rotor itself is untrue, no matter whether the 
field or the armature is rotating, then the place of the smallest 
air gap is rotating round with the rotor and therefore the force of 
the unbalanced pull rotating round. As far as the rotor is con¬ 
cerned, the effect will be the same, as if its weight were not 
balanced mechanically, only with the difference that the un¬ 
balance is dependent upon the excitation of the machine. The 
rotating force acts, however, also on the stator and will set up in 
low-speed machines visible “breathing”; in high-speed machines 
sensible vibrations of the frame, the frequency of vibrations 
being equal to the number of revolutions. We shall not go, in 
this paper, into the question what “phase difference” exists 
between the passing of the eccentric part of the rotor and the 
radial oscillations of a point of the stator, but shall assume in the 
following section that the stationary parts of the machine are 

infinitely stiff, so that the above question is eliminated from the 
following investigation. 

G. INFLUENCE OF UNBALANCED PULL ON CRITICAL SPEED 

If the center of gravity of a rotor does not coincide with the 
axis of rotation, but has a distance x from the same, a centrifugal 
force will be developed which is proportionate to the displace¬ 
ment x and to the square of the number of revolutions per 
minute. At a certain speed the centrifugal force will be so great 
that it would cause (in the absence of friction etc.) a deflection 
of the shaft equal to the original displacement. The displace¬ 
ment being doubled, the centrifugal force would be doubled 
causing a double increment in deflection etc. At this speed 
therefore, the so-called “critical” speed, an original displacement 
if not infinitesimal, would cause an infinite final displacement, if 
there were no resistance to these movements. Although in 
reality the resistance will keep the displacement down to finite 
values, the great increase of vibrations at the critical speed is 
highly objectionable and there is always careful calculation in 
the design of high-speed machines to make sure that the running 
speed is well above or well below the critical speed. ' " v;: 1 
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In an electric machine, the unbalanced pull due to the rotor 
displacement will work in the same direction as the centrifugal 
force and is itself proportionate to the displacement, but inde¬ 
pendent of the speed. If we call x the displacement in centi- 

oc 

meters, the displacement measured in meters will be Jqq* Let 


G be the rotor weight in kilograms, then the mass of the rotor in 

G 

terrestrial units is 77-w, the acceleration of gravity being 9.8 m. 

per second per second. Let n be the number of revolutions per 
minute. Then the centrifugal force is 

2 .2 


4 • 


G 

978 * 100 


7r 


2 . 


(-) 

\ 60 / 


X ' G ' (300) 


The unbalanced magnetic pull for a displacement equal to the 
gravity deflection / is q r • G and for a displacement x is 


1 y * <Zr • Or 

Assuming that the stationary machine parts are infinitely 
stiff (so that q r — g), the same formulas hold good for the rotating 
machine. 

The sum of centrifugal force and unbalanced pull is 



The elastic gravity deflection, caused by the weight G is /, 
the elastic deflection caused by one kilogram is f/G. To obtain 
the elastic deflection caused by the above sum of forces, we have 
to multiply by f/G. 



For the critical speed this deflection will be equal to the 
original displacement x, the expression in brackets therefore will 
be unity for the critical value of n 



n C rit. = V 1 - Q • 


300 


( 11 ) 
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For the unexcited machine, q is zero and the critical speed is 
300 . , , . , „ 

—ry > (/ given m cm.), which formula, of course, is well known. 

The critical speed is reduced, if the machine becomes excited and 
will be the lowest for that excitation which gives the highest value 

of the unbalanced magnetic pull. If q is equal to 1 /6, the critical 
speed will be 



0.912 


300 

/ ■ "- fo r;" " 

V/ 


If q is equal 1/3, the critical speed will be 



0.817 


300 

VJ 


An electric machine without equalizing connections has not 
one definite critical speed, but a range of critical speeds according 
to its excitation. In two-pole turbo-generators it must also be 
considered that the unbalanced pull in the diameter of the field 
axis is different from that at right angles to the field axis, and 
therefore such a machine will even for a definite excitation have 
different critical speeds in respect to these two diameters, similar 
to a rotating shaft with rectangular section. 

To illustrate the numerical influence of the unbalanced pull 
on the critical speed, we may take a rotor of 60-cm. diameter and 
100 -cm. rough length of the iron core. After deduction of air- 
ducts and slot openings, 80 per cent of the cylindrical surface, 
that is 0.8 • tt • 60 • 100 = 15,100 sq. cm. may be considered as 
effective. We will assume that the rotor belongs to a two-pole 
machine with distributed field winding, running at 3000 rev. per 
min., that the actual radial air gap is 1.5 cm., the virtual air gap 
1.6 cm., and will consider as alternatives first, a mechanical 
critical speed of 3600, then of 1800. The weight of the rotor 
may be 3000 kg. We will further assume that the critical 
induction for which the unbalanced local pull is a maximum, is 
6000 lines per sq. cm. 

As the mechanical critical speed is given, we can figure directly 
the gravity deflection of the rotor shaft 



= 0.0278 cm. respectively 
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We can figure q = q r directly from formula (10a). The pole 
factor c we will take as 2 / 3 . 




• 15,100 -1.44 
3000 


= 3.02 •/ 

that is, 0.021 and 0.083 respectively. 

VT^is V 0.979 = 0.989 and V 0.917 = 0.956 respectively. 
The influence of the magnetic pull on the critical speed is here 
small, it lowers the cricical speed only 1.1 per cent in one case, 
4.4 per cent in the second case. 

If the rotor belonged to a four-pole machine with half the 
virtual air gap, and a mechanical critical speed of 1800, q would 
be 0.166, 

V 1 - q = Vo. 834 = 0.913, 

which would reduce the critical speed to 0.913 . 1800 = 1640 
rev. per min. a value which is already uncomfortably near the 
running speed of 1500. 

In the case of an induction motor with wound rotor and with 
the same core dimensions, the same rotor weight, a virtual airgap 
of 0.3 cm. (mechanical 0.2 cm.), and a critical induction of 5000 
lines per sq. cm. and a critical speed of 3600 and alternatively 
1800, q would be 



P ■ 15,100 • 1 

o 

3000 


= 11.2./that is 0.078 and 0.31 re¬ 


spectively. In the latter case, the critical speed would be reduced 

by the magnetic pull to V 0.69 • 1800 = 1490 rev. per min. 
This could not be accepted for a machine running at 1500 rev. 
per min. and it would be necessary to stiffen the shaft. 

This example has been simplified by assuming the same rotor 
weight, whether the rotor is destined for 1500 or 3000 rev. per 
min., for a two- or four-pole machine, generator or motor. In 
reality, for an exact calculation, differences in weight would 
have to be considered, also certain minor differences in effective 
surface, critical induction, pole factor etc., etc. 


Conclusions 

The main conclusions arrived at in this paper are as follows: 

1. The mechanical parts of a multipolar machine, whether its 
winding is provided with equalizing connections or not, should 
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be designed strong enough to withstand, as an emergency condi¬ 
tion, without overstraining, the magnetic pull produced, if only 
one-half of the machine is magnetized up to full saturation of 
the iron, while the other half is unexcited. In machines with 
small air gap the rotor core may pull hard over towards the 
stator core, under these conditions. 

2. Under normal working conditions, a reduction x of one 
air gap and an increase x of the diametrically opposite air gap 
causes in multipolar machines locally an unbalanced magnetic 
pull per square centimeter, given by the formula 

, / B \ 2 x • d B , 

4 '( 5 OOO/ ' ~dH kilograms (3) 

This pull has a maximum value for a comparatively low state of 
saturation. For higher saturation the unbalanced pull falls off. 
If the magnetic characteristic of the machine is represented by 
an initial straight part of appreciable length, followed by a dis¬ 
tinct knee , the ‘critical induction” is in the very beginning of 
the knee. For an approximate determination of the maximum 
pull take the induction B m of that point of the magnetization 
curve in which the gradient is 5/6 of that of the straight line 
part and consider B m as the end point of the straight line charac¬ 
teristic. The maximum unbalanced pull in kilograms per square 
centimeter is 



gi being the "virtual” air gap of the machine. 

_ (Virtual air gap, an air gap which would take for an induction 
within the straight line characteristic as many ampere turns as 

the real air gap and iron path of half the magnetic circuit to¬ 
gether.) 

, multipolar machines, the total unbalanced pull, for a 

given displacement x of rotor and stator centers, is independent 
of the rotor position. Its maximum value in kilograms is 


F x = c - ttD L 



(6a) 


c, t e pole factor , being approximately 2 / 3 , both for machines 
with salient poles and for those with cylindrical fields and dis¬ 
tributed windings. In machines with salient poles and constant 
air gap the maximum unbalanced pull is reached at a low satura¬ 
tion and falls off distinctly at higher saturations. 
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In machines with distributed field winding and also in salient- 
pole machines with graded air gap, the maximum pull is reached 
for higher saturations and changes less with changes in saturation. 

In machines with cylindrical fields which are not slotted evenly 
around the periphery, and machines with salient poles and 
graded air gap, the saturation curve from which B m and gi are 
taken, is a mean of the component saturation curves. 

4. In bipolar machines, the unbalanced pull has different 
values for displacement in the direction of the field axis and at 
right angles thereto. The highest value for a cylindrical field 
with distributed winding is reached for high peak saturation, and 
can be calculated from formula (6a) with a pole factor of approxi¬ 
mately 2 / 3 . Only the saturation curve of the slotted part should 
be taken to determine B m and gi, in bipolar machines which 
contain a non-slotted middle part of each pole. For salient-pole 
machines with 120 deg. pole arc, the pole factor is about 0.4. 
The saturation curve, from which B m and gi are taken, should 
exclude in bipolar machines the m.m.f. required for the bodies of 
stator and rotor cores. 

5. Assuming that under the influence of unbalanced magnetic 
pull the air gap experiences equal changes through the deflection 
of the rotor shaft and through the combined deflection of all 
other machine parts, the magnetic pull caused by a displacement 
equal to the “gravity deflection” of the shaft must not exceed 
1/6 of the rotor weight, to ensure that the displacement, at the 
moment of sudden excitation, does not exceed twice the value of 
the original mechanical displacement. 

If the other parts of the machine were infinitely stiff, the mag¬ 
netic pull caused by a displacement equal to the gravity deflection 
could be allowed to approach of the rotor weight. 

(“Gravity deflection” is the static deflection of the horizontally 
situated shaft under the influence of the rotor weight.) 

6 . The critical speed is lowered by the unbalanced magnetic 
pull and varies with changes in excitation. For the greatest 
permissible value of unbalanced pull, mentioned in the preceding 
rule, the reduction of critical speed amounts to 18 per cent. In 
machines, the winding of which has full equalizing qualities, no 
reduction of the critical speed takes place. 
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ECONOMIC PROPORTION OF HYDROELECTRIC AND 

STEAM POWER 


BY FRANK G. BAUM 


Abstract of Paper 

This paper describes a new method of determining for any 
power system, what proportion of generation should be hydro¬ 
electric, and what steam, from the standpoint of economics. 

A method is outlined for obtaining a curve showing “Total 
cost per kilowatt-year for hydroelectric and steam power”, for 
any percentage combination of generation. 

With system load curve, fixed charges on steam and hydro¬ 
electric plants, cost of fuel and other steam energy charges all 
known quantities, this curve can readily be calculated, and one 
can see at a glance the limiting economical percentage of steam 
power for the given conditions. 

I T IS, of course, well known that steam power is usually less 
expensive for low-load factors than hydroelectric power, 
and the latter becomes economical only when the load factor 
is favorable. To determine the economical division between 
the two there are usually given curves of cost varying with 
load factor. Such curves show that at certain load factors 
the cost of steam power exceeds the cost of water power, but 
the actual yearly cost of power for any assumed proportion 
between water power and steam power must be calculated for 
each case. This becomes laborious. 

The results can, however, be shown in a much more illu¬ 
minating way if presented as shown in Fig. 1. In this figure, 
abscissas from left to right (from 0 to O 1 ) show percentage of ” 
total load carried by water power and from right to left (from 0 l 
to 0) the abscissas show the percentage of total load carried 
by steam power. The sum of the steam power and water power 
must of course equal 100 per cent for every condition, hence 
the sum of the two abscissas is 100 per cent at any point. 

If now we take the yearly cost per kilowatt of hydroelectric 
power as O l h, taken in the figure at $22 per kilowatt-year, 
and draw the straight line 0 h , this line will represent by any 
ordinate the yearly charge per kilowatt against the water power 
for any proportion between steam and water power. For it 
is clear that if we have one-half water power then the yearly 
charge per kilowatt against the entire 100 per cent load is $11. 
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(In comparing the cost of power we must of course include 
total cost of delivery to center of load.) 

Similarly, if we take the yearly fixed cost per kilowatt of 
steam power as 0 s, taken in the figure as II1 per kw-year, 
and draw the line 0 1 s, this will represent by any ordinate the 
yearly charge per kilowatt against the steam power for any 
proportion between steam and water power. 

The straight line s h then represents the total fixed charge 
against the steam and hydroelectric power for any proportion 
of steam and water power. (O h and 0 1 s being straight lines 
and x h being derived by adding the ordinates, gives another 
sraight line.) 


Fig- 1 Proportion of Water to SteamPower 

^ater power cost per kw-yr...522.00 

• Steam, fixed, cost per kw-yr. qq 

Steam energy charge per kw-yr, and 100% 
load factor. 44.00 

For example, let total load equal 100,000 kilowatt, divided 

70 per cent hydroelectric and 30 per cent steam; then the 

yearly charge against the water power and steam will be 

% 

Water power, fixed charge. .70,000 kw. X $22 $1,540,000 
Steam power, fixed charge. .30,000 kw. X $11 330,000 

Total power, fixed charge.. $1,870,000 

or $18.70 per kw-year, as shown by the ordinate of the line * h at 
70 per cent water power, 30 per cent steam power. All water 
power fixed charge would cost $2,200,000 and all steam power 

S 4 4 n Charge ^100,000 per year. All steam power costs 
^ Xj xOQ «ooo « 
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For any other assumption of cost per year of water power or 
steam power, it is only necessary to determine the yearly fixed 
charge against steam power (0 s) and water power (0 h) and 
draw the line s h , and we have immediately the total fixed 
charge for any proportion of water power and steam power. 
This very much simplifies the problem and visualizes the results. 

To determine the total charge per kw-year against the com¬ 
bined steam and water power, it is necessary to add the kw-hr. 



12 P.M. 12 N. 12 P.M. 

TYPICAL 24 HOUR LOAD CURVE 


Fig. 2—Load Factors and Kw-hr. for Steam and Water 

—EXAMPLE— 

For 20% peakload, carried by steam and 80% by 
water the curves show 

Steam load factor = 17% = o a 
Water load factor « 87% — ob 
Water kw-hr. = 94% = o c 

Steam kw-hr. = 6% = c d 

Note —Steam carries everything above 80% line in 
example, and the curves will show per cent load factor 
and per cent kw-hours for any other per cent load 
taken. 


charge against the steam power. (It is of course assumed that 
all charges against the water power are fixed charges.) 

To determine the yearly charge against steam power for 
any load factor we must start with the load curve of the power 
system. The load curve assumed is that shown on the left 
of Fig. 2. The ordinates, it will be noted, are plotted in per¬ 
centage of the load, the peak load being 100 per cent. 

Now we must determine the kw-hours carried by steam 
for any percentage of the total load carried by steam, it being 
assumed of course that the steam power takes the load off the 
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top of the curve. For this purpose we determine the curve of 
kilowatt-hours to be carried by steam power when 10 per cent, 
20 per cent, etc. of the top of the load curve is carried by steam. 
To do this we take the area of the load curve above 90 per cent 
for example, and determine what percentage this is of the entire 
area of the load curve. Similarly for areas above 80 per cent, 
70 per cent, etc. The results are shown in the curves to the right 
of the load curve. 

For example, if all load over 80 per cent is carried on steam, 
we get the steam load factor = 17 per cent, and steam kilowatt- 
hours 6 per cent of the total as shown by as and c 1 d. Also we 
get a hydroelectric load factor 87 per cent and kilowatt-hours 
94 per cent of the total as shown by o b and o c. 

From the curves in Fig: 2 and the cost per kilowatt-hour of 
fuel and other strictly steam energy charges, we determine for 
any percentage of load carried by steam power the yearly 
energy charge per kilowatt-year. Assuming $33 per kilowatt- 
year for energy charge where all the energy is supplied by steam 
for the particular load curve under consideration (which corres¬ 
ponds practically to $44 per kilowatt-year, or 0.5 cent per kilo¬ 
watt-hour for 100 per cent load factor, as the load factor of 
total load is 75 per cent) and adding the energy charge to the 
fixed charge for steam power, we obtain the total cost of steam 
power as shown by the curve “cost steam power” 0 1 S in Fig. 1. 

To obtain now the total cost of all power for any proportion 
of steam power to water power, we add the ordinates of oh the 
‘‘fixed cost of hydroelectric power” to the ordinates o 1 S the 
‘‘Total cost of steam power” and obtain the curve h S the 
“total cost per kilowatt-year hydroelectric and steam power.” 
This curve starts at $22 per kilowatt-year if all power is water 
power. By adding some steam power to take off the peaks, we 
see there is a slight decrease in the yearly charge until the steam 
power carries about 15 per cent of load. At 20 per cent of 
load the cost again comes to about $22 per year, and then a 
gradual increase in power cost results. 

At 30 per cent load carried by steam for this particular load 
curve there is little difference in the yearly charge per kilowatt 
and we would not for this case be' warranted in installing less 
than 30 per cent steam; for naturally, unless very material 
savings result, the decision will always be to install steam power 
because of the smaller capital cost. 
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At 50 per cent of total load taken by steam installation and 
50 per cent by water power, we have the yearly charge as follows: 
50 per cent X $22 = $11.00. .yearly fixed charge water power 
50 per cent X $11 = 5,50. .ye arly fixed charge steam power 
Total. $16.50. .yearly fixed charge total power 

At 50 per cent load factor practically 33J per cent of the 
kilowatt-hours are carried by steam and this adds the energy 
charge of $33 X 33J per cent or $11. Therefore the total 
yearly charge is $16.50 + $11 = $27.50, as shown by the curve 
h S by the ordinate at 50 per cent. The added charge over 
all water power costs here is $5.50 per kw. year, but on a system 
with 100,000 kw., the yearly excess charge is $550,000, a very 
substantial sum. 

The curve of total yearly power costs per kilowatt shows 
graphically what we want to know, and after we have the curve 
of energy cost of steam power at various load factors, we can 
very quickly make up total costs per kilowatt-year for any 
assumption of fixed cost of hydroelectric and steam power. It 
is believed this method will assist engineers in their work. The 
actual proportion of steam to hydroelectric power will of course 
be somewhat influenced by service insurance conditions. 

This paper is merely an outline of the general principles and 
gives the general method to follow. There are, of course, many 
details and different conditions in different sections of the 
country. It is hoped that the method presented will appeal to 
engineers and managers. 
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APPLICATION OF HARMONIC ANALYSIS TO THE 
THEORY OF SYNCHRONOUS MACHINES 


BY WALDO Y. LYON 


Abstract of Paper 

It is shown that the flux distribution in the air gap of a syn¬ 
chronous machine consists of a series of component distribu¬ 
tions that are simple harmonic wave trains, either stationary or 
moving at constant velocities. Methods are suggested for 
determining the effects of slots and the saturation of the mag¬ 
netic circuit on the magnitudes of these component distribu¬ 
tions. Expressions for the voltage generated and the power 
developed thereby are given. The theory is applied to the 
operation of a three-phase synchronous machine under different 
conditions of load, both qualitatively and quantitatively. A 
table of comparative calculated field currents is appended. 

A COMPLETE theory of the performance of alternating- 
current machinery must recognize the presence of har¬ 
monics in the current and voltage and in the distribution of the 
air gap flux. The principle of the following analysis is well known 
but the author believes it has never been so fully developed. It 
seems best to show how the method may be applied in a variety 
of cases rather than to carry any one case into all of its manifold 
refinements. Much of the analysis is qualitative rather than 
quantitative. It is useful to know, however, what harmonics 
may be present even when their magnitudes cannot be calculated. 
Where it is possible to determine certain coefficients with suffi¬ 
cient accuracy the method should prove of considerable practical 
importance. The fundamental principle upon which the analy¬ 
sis is based is that of the superposition of magnetic fields. For 
example, if a constant magnetizing force produces at any point a 
certain magnetic flux density when it alone is acting, and another 
constant magnetizing force produces at the same point another 
flux density when it alone is acting, then when both magnetizing 
forces act together the resultant flux density at the point in 
question is the vector sum of these two flux densities, provided 
the permeability at every point in the region concerned is the 
same in each of the three cases. Thus the component flux 
densities should be calculated for a condition of the magnetic 
region which is assumed to be identical with that existing when 
the components act simultaneously. When the magnetic forces 
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are variable the theorem does not hold if eddy currents are pro¬ 
duced. If the resultant magnetizing force is constant, however, 
the eddy currents that may be produced by the component 
magnetizing forces should be neglected. With the laminated 
magnetic masses that are usually employed when the resultant 
flux density is variable, the effect of the eddy currents can often 
be neglected without undue error. Such is the case at 25 or 60 
cycles with laminations no thicker than are ordinarily used in 
transformers. At high frequencies or with laminations of two or 
three times this thickness, however, the effect of the eddy cur¬ 
rents may be comparatively great. This would occur with the 
practically solid rotors of large turbo-alternators. 

The procedure followed in this analysis is to decompose the 
actual flux distribution in the air gap into a series of simple 
sinusoidal distributions and then to determine how each of these 
is effective in the generation of voltage and in the development 



Fig. 1 


of power. At any instant the flux distribution, or flux density, 
m e air gap of an alternating current machine may be represen¬ 
ted by a curve such as shown in Fig. 1. The abscissas, *, of this 
curve are measured m electrical radians from some point fixed 
o re erence, <9, in the airgap. In the case of a synchronous 
machine it is convenient to choose this point as half way between 

f A C ®f terS of + ad f cent fidd poles. It is also simpler to assume 

is rotatW^TV ^ statl0n ary and that the armature 

is rotating. This will be done throughout the analysis. The 

Z^TVT eSent ^ n ° rmal fux densi V in ^e air gap at the 
+ T ° f , th ® ar mature—or, at the surface of the field poles if 

mamiti A dis t nbutlon of this sort may be of constant 

iTS . WaVe Shape ’ or both “ay vary periodically, and 

able a T 86 lt 1 may be fixed or moving at a constant or a vari- 

tion ■o a TiI ar 7 elOClty - In any case the most complex distribu- 
e ecomposed into a series of simple sinusoidal dis- 
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tributions of different wave lengths and amplitudes all of which 
move at a constant but not the same velocity. In fact, some 
move in one direction through the air gap and some in the oppo¬ 
site direction. 

As an illustration of this process of decomposition, consider 
the case of a salient-pole alternator in which but one armature 
coil per pole is carrying current. At any instant the flux dis¬ 
tribution per ampere (see Fig. 1 for example) can always be 
represented by a Fourier series consisting of both sine and cosine 
terms. As the coil moves through the air gap the shape of this 
distribution will vary periodically due to the non-uniformity in 
the reluctance of the magnetic circuit. If, therefore, the coeffi¬ 
cient of each term of the distribution series is plotted against 
time its value may be represented by another Fourier series. 
That is, the air gap flux distribution per ampere may be rep¬ 
resented by a series of products of sine and cosine terms. Each 
of these products may be broken up into a sum or difference of 
sine or cosine terms of constant amplitude, wave length and 
angular velocity. If instead of there being one ampere in the coil 
the current in it should vary periodically, each of these sine or 
cosine terms must be multiplied by still another Fourier series, 
representing the current. The resulting products of sine and 
cosine terms would again be broken up into a series of sine and 
cosine terms which represent simple harmonic wave trains that 
are either stationary or moving at constant angular velocities. 

4 

General Expressions for Voltage and Power 

Let the equation for one of these component wave trains be 

|S = B q cos (q x — j co t + a q j) ( 1 ) 

This represents a sinusoidal distribution of maximum value B q 
and of wave length 2 ir/q, such as might be produced by q * P * 
poles moving through the air gap at an electrical angular velocity 
of j o o/q in the same direction as does the armature. See Fig. 2. 
If the sign before j co t is positive the direction of rotation is 
opposite to that of the armature. If the coefficient j is zero the 
distribution is stationary with respect to the field poles. The 
angle a q j determines the phase of the distribution. 

When co t equals zero or any multiple of tt the value of the flux 

*P represents the actual number of field poles, q is throughout the 
harmonic order of the flux distribution and is usually 1, 3, 5, 7, etc. j is 
usually 0, 2, 4, 6, etc. 
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density at the reference point, 0, due to this distribution alone 
is ± B q cos a q j. 

The frequency of the voltage generated in the field winding by 
this distribution is proportional to the equivalent number of 
poles, q • &nd the relative velocity, j oj/q. The frequency is 
J ft where / is the fundamental frequency. If the field circuit is 
closed a ^current of this frequency will be produced in it and a 
torque will be developed tending to move the field in the direction 
in which the distribution is moving. This alternating current 
in the field winding will also produce a harmonic variation in the 
field flux which will in turn cause a higher and a lower harmonic 
in the armature electromotive force. 

The rotating flux distribution will also directly produce an 
electromotive force in the armature winding, the frequency of 
which is proportional to the equivalent number of poles, q • P, 



and fhe rdative angular velocity, ( a - j. oo/g) . The frequency is 
(2 J)/- If there exists a current of this frequency in the arma¬ 

ture winding, power will be developed if the phase relation of the 
current and the generated voltage is favorable. The equation 

y, , VOl g y? r °^ced in the armature winding by this flux 

distribution of the g tk order is 

e <M-f> = V 2 [cos (g — j) co t + a qj \* (2) 

The avera ge power develop ed in a single-phase winding by 
*The effective value of this voltage is 


K, 

K x Bi 


g~f 

g 


whose marimum ff value e irS ag ! ^ f “ damental distribution, 

factors for the gth harmonic and the fundamental flux. 
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this electromotive force and a harmonic current of the s order 
whose equation is i s — V2 I s sin (s co t + is 

P = db Eq-j * Is sin (otqj Azd s )t (3) 

The average power is zero, however, unless (q — j zL s ) is zero, 
that is to say, unless the voltage and current have the same 
frequency. When the average power is positive electrical 
power is developed, but when it is negative mechanical power is 
developed. 

In a balanced three-phase alternator, power is developed only 
when q Az s — j= 0, 6, 12 etc. if there are no even harmonics 
present or 0 ? 3, 6 etc. if there even harmonics in the current. 
The power is 

P = ± 3 Eq-j • Is sin ( Ctqj zb d a ) (4) 

Electrical power is developed when (0 8 — a q j) is an angle of lead, 
and mechanical power is developed when it is an angle of lag. 
For this reason it may happen that though power is developed 
in each of the phases of a three-phase alternator, the net power 
developed is zero. In this case at least one of the phases would 
develop electrical power while at least one of the other two 
would develop mechanical power. That is, the windings of a 
three-phase alternator may act as a self-contained motor- 
generator set. 

Reduction Factors for Flux. Most frequently the flux in the 
air gap is due to the action of several magnetizing coils per pole. 
The resultant flux distribution is the sum of the distributions 
due to the individual coils acting separately. If these compo¬ 
nent distributions are decomposed into their elementary sinu¬ 
soidal parts, as can always be done, those of the same wave 
length, which are stationary or which travel in the same direc¬ 
tion at the same velocity can be combined according to the 
principles of vector addition. This process of addition is 
simplified if the components are of the same amplitude and are 
equally displaced from one another in space-phase position. In 
this case the method of addition is the same as that for a number 
of equal voltages of the same frequency differing from each other 
in time phase by the same amount. With n such distributions 
of wave length 2 ir/q differing from each other in position by an 
angle y on the fundamental scale, in which the pole pitch equals 

fWhen the conductors of a phase belt are at the zero point midway 
between the poles, the s harmonic component of the current in that belt 

has a value y /\2 I 8 sin 6 S 

{In this equation the signs are either both plus or both minus. 
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7 r radians, the sum is what it would be if they were coincident 
multiplied by 


sm 


q n y 


Ki 


n sm 


q y 


This is the belt reduction factor. 

If it is further desired to add two such distributions which are 
equal in magnitude but differ in phase position by an angle X 
measured on the fundamental scale, their sum is what it would 


be if they wefe coincident multiplied by K p — cos —^ , The 

angle X is some multiple of y. This is the pitch reduction 
factor. 

The total reduction factor for the ^th harmonic flux distribution 
is 


K 


Q 


sin 


n sin 


qn_y 

2 


g 7 
2 


* cos 


g x 
2 


This holds true only when the flux per ampere is independent of 
the position of the coil, that is, when the air gap is uniform. 

Reduction Factors for Voltage. Having calculated the har¬ 
monic components of the resultant flux distribution in the air gap, 
the electromotive force generated in either the stator or rotor 
winding that links this flux can be found. The belt reduction 
factor for voltage depends upon the space displacement of the 
coils and upon the order of the harmonic in the flux distribution. 
It does not depend upon the velocity of the distribution. 
The frequency of the voltage produced in the winding, however, 
depends upon the order of the harmonic in the distribution and 
upon its velocity with respect to the winding. Thus neither the 
belt nor the pitch reduction factor for voltage depends upon the 
frequency of the voltage. If there are n equal coils per pole 
displaced from one another by an angle y and having a pitch 
deficiency of X, the total reduction factor for voltage for the ^th 

harmonic in the flux distribution is 


sm 


q n y 


K ( 


n sm 


q y 


cos 




Both y and X are measured on fundamental scale. 
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Flux vs. Voltage Reduction Factor. The angles 7 and X in the 
voltage reduction factors are always equal to the angles between 
the coils in which the voltage is produced. It is only with a 
uniform air gap, however, that the angles 7 and X in the flux 
reduction factor are equal to the angles between the coils which 
are producing the flux. If a winding is designed to eliminate a 
given harmonic from the flux distribution that it produces, a 
harmonic flux distribution of the same order will generate no 
voltage in the winding no matter what its relative velocity may 
be. There may be produced, however, an electromotive force of 
this order of harmonic frequency by another component in the 
distribution which is moving at the proper speed with respect to 
the winding. 

Distributing a winding is thus no sure means of reducing or of 
eliminating a given harmonic in the voltage. For example, a 
fifth harmonic in the flux distribution moving at fundamental 
velocity will produce a fifth harmonic in the voltage, as will also 
a third harmonic in the flux distribution moving at five-thirds of 
the fundamental velocity. A winding designed to eliminate the 
harmonic voltage due to the first of these distributions will fail 
to eliminate that due to the second. All that can be accomplished 
by distributing the winding is in the reduction or elimination of 
the harmonics caused by given harmonics in the flux distribution. 
Another method of reducing the harmonics in the voltage would 
be to reduce the troublesome harmonics in the flux distribution. 
If the harmonic flux is in motion with respect to the field, this 
can be accomplished by means of a short-circuited winding set 
in the field poles. A winding of this sort is most effective when 
it is of low resistance and is brought into close proximity to the 
field winding it protects. The total variable flux that links 
this amortisseur or damper is just sufficient to account for the 
resistance drop in it. 

In some cases, particularly when there is not an integral 
number of slots per pole, the reduction factors for flux and 
voltage must be calculated for each individual case, as no general 
formula is applicable. 

Control of Flux Distribution . The distribution of flux in the 
air gap of an alternator may be controlled to a certain extent in 
either of two ways,—by shaping the pole surface if salient poles 
are used, or by properly distributing the magnetizing winding if 
the air gap is uniform. The first method will not be discussed. 

The first and simplest case assumes that the air gap is uniform, 
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as it approximately would be in a turbo-alternator. The direct 
effect of the slots in both the field and armature in producing 
harmonics is neglected. This effect can be largely eliminated by 
closing the slots with magnetic wedges and by choosing the 
proper relative numbers of stator and rotor slots. As is cus¬ 
tomary the reluctance of the field and armature cores is neglec¬ 
ted. An approximate method that corrects for this omission is 
given later. 

A single field coil with a pitch equal to the .pole pitch will then 
produce a rectangular flux distribution in the air gap which may 
be represented by the Fourier series 

(«) 

q is the order of the harmonic in the distribution. /3 is the flux 
density in the gap at an angular distance x radians from one side 



Fig. 3 


of the coil, and B 0 is the average flux density in the gap. See 

Fig. 3. The relative magnitudes of the harmonics are: 1.00: 
0.33 : 0.20 : 0.14., etc. 

If the field winding is distributed in more than one slot per 
pole the relative magnitudes of the harmonics are reduced. The 
amount of this reduction depends upon the method of distribut¬ 
ing the field winding. With n coils per pair of poles, each of unity 
pitch* and having the same number of turns, and equally dis¬ 
placed by an angle 7 , the flux density at an angular distance * 
from the middle of a belt is 


4 B, 


* 9,y 

sm g — 
7 

n sin q ~ 


sffi q x 


( 6 ) 


_ As a matter of fact the field coils are arranged concentrically but the 

magnetic effect is the same as if the end connections were made, to give 
unity pitch. See Fig. 4 . 6 
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If the winding were concentrated the average flux density would 
be Bq. The relative magnitudes of the harmonics depend upon 
the number of magnetizing coils, n , and the angle, 7 , between 
them. If, for example, there are six coils per pair of poles dis¬ 
placed by 20 degrees, the relative magnitudes of the harmonics 
are 0.83 : 0.0 : 0.038 : 0.022. The third harmonic in the dis¬ 
tribution vanishes and the phase of the fifth harmonic is reversed. 

m Q fl 7 

The gth harmonic or any odd multiple of it will vanish if-^-^— 

= 1 or any multiple of 7 r. Thus, by properly choosing the 
breadth of the winding, any harmonic in the flux distribution 
may be theoretically eliminated, although practical winding con¬ 
ditions will limit this possibility. Since the harmonics are much 
less prominent than with a concentrated winding the distribu¬ 
tion is more nearly sinusoidal. The fundamental flux is now 83 
per cent of what it would be if the winding were concentrated. 
This might be called the efficiency of the winding. 




Actual 

Connection 


Equivalent 

Connection 



Fig. 4 


If the field winding is equivalent to two similar distributed 
windings displaced by an angle X as shown in Fig. 5, the relative 
magnitudes of the harmonics are still further reduced. By 
properly choosing the pitch deficiency angle, X, any harmonic in 
the distribution may be theoretically eliminated. The angle, X, 
is always some multiple of the angle, 7 » between the slots. The 
distribution is represented by 

. cos JL2l . J_ s in q x ( 7 ) 
2 q 


The average flux density for a concentrated winding having the 
same number of turns is J5 0 . Fig. 5 shows two* windings,* each 
like that shown in Fig. 4, which are displaced by two. slots or 40 
degrees. The relative magnitudes of the harmonics in this case 

are: 

0.78 : 0.0 : 0.0066 : 0.017 


o _ 4 ^ 

P - t Bo 2j 


sm 


gn 7 


n sm 


g 7 
2 




1486 


LYON: HARMONIC ANALYSIS 


The effect of the pitch factor is to reverse both the fifth and 
seventh harmonics so that the fifth now appears in phase with, 
and the seventh in opposition to the fundamental. The har¬ 
monics are very small. The efficiency of this winding is 78 per 
cent. 

By properly choosing the breadth of one belt or layer, n y, 
and the pitch deficiency, X, any two harmonics may be* elimi¬ 
nated theoretically. . There is a practical limitation to this, how- 
fixed by the minimum allowable angle between the slots. 
If the angle between the slots is tt/15, and the breadth of one 
layer of the winding is 10 slots and the pitch deficiency is three 
slots, the third harmonic will be eliminated by the distribution 
and the fifth harmonic by the pitch, of the winding. In this 
case the seventh harmonic is 1.4 per cent of the fundamental. 

1 he efficiency of this winding is 0.79. 



^'T'T Thus far the rel "“““ 

a armature cores has been neglected. The following method 
of correction is m, approximate one designed to compeLate for 
this omission. Both the field and armature are assumed to be 
um ormly slotted. The flux distribution in the air gap due to a 

tS inS “T ° f being is less at 

. ° , ter than at the conductors, as shown in Fig. 6* The 
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Bq is the average flux density in the gap and (B 0 + b 1 ) and 
(Bq — bi) are the maximum and minimum flux densities re¬ 
spectively. The ratio of b\ to B 0 is approximately equal to the 
ratio of the ampere turns required for the field and armature 
cores to those required for the air gap and the teeth. 

The Fourier series that represents this distribution is 



4 Bq 
7T 




^ sin g x 



b 

If the ratio is 10 per cent, the relative magnitudes of the 

Bq 

harmonics produced by a single magnetizing coil are 

1.0 :0.406 : 0.232 : 0.163 

instead of 

1.0 : 0.333 : 0.200 : 0.143 



Fig. 6 


as they are on the assumption that the reluctance of the field 
and armature cores is negligible. 

The corrected series for a distributed fractional pitch winding 
• 1 
is 



4 JBq 
t r 


sin 


g n 7 
2 


n sin 


g 7 
2 



bi 

At higher flux densities the ratio is greater and the har¬ 

monics become more prominent. The general effect of this is 
to make i he flux distribution in the air gap flatter than it is at 
lower saturations. 
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Correction for Unslotted Portion of Field Surface. Usually the 
held winding is distributed over only a portion of the polar pitch 
as shown in Fig. 7. In this case the flux density between the 
points a and b is greater than it would be if the field were slotted 
in this region. The full ampere turns of one pole are acting to 
produce the flux density here and the increase in the density 
between a and b over what it would be provided the entire field 
were slotted may be represented roughly by the curve shown in 

Fig. 8. The length of the unslotted portion is tj. The Fourier 
series that represents this curve is : 





sin 


q it 


sm 




<1 


sm q x 


* 


( 10 ) 


Bo is the average flux density with a uniformly slotted field 
produced by a concentrated field winding having the given num¬ 
ber of turns per pole. This series represents the flux density 
which should be added to that calculated on the assumption 
that the entire field is slotted, f 

Large turbo-alternators are now built with a field winding 

arranged as shown in Fig. 9. The method of analysis, including 

★ ~ ~ ~ ~ ---- 

&2 _ (N Ih - (N J) 2 

Bo (N I ) 2 


where: (NI )i - ampere turns required to produce B 0 with a uniformly 

slotted field. 3 

(-AT) 2 = ampere turns required to produce B 0 with an unslotted 
field. 

fThe magnitude of the correction is shown by the following example 

• , • . ^2 . - ^ 
m which — is taken equal to 0.20 and i) equal to ~ . 

3 


4 Bt 


& 7T ( 0 - 10 s * n x 0.067 sin 3 x + 0.020 sin 5 x + 0.014 sin 7 x 
The corrected distribution for the winding shown in Pig. 4 if ^ 


3 0 


0.10 and 


b 2 


Bt 


0.20 is: 


£ T (0.91 sm x 0.067 sin 3 x — 0.023 sin 5 * + 0.039 sin 7x 

7 • ISr^t“^Stnfal been ** ** ^-w 

The corrected efficiency of the winding is 85 per cent. 

The uncorrected efficiency as previously calculated was 83 per'cent! ' 
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the corrections for the effects of saturation and of the unslotted 
portions of the field, is similar to that already outlined. 

The magnitude of any harmonic in the flux distribution 
depends not only upon the pitch and breadth reduction factors 
but also upon the degree of saturation and the breadth of the 
unslotted portion of the field. Harmonics that have been 



Pig. 7 

entirely eliminated by the first two factors will still appear on 
account of the last. It is only with a uniform air gap that har¬ 
monics can be surely eliminated by the distribution of the field 
winding. Field slots that are closed by magnetic wedges tend 
to produce this condition. In general the effect of increased 
saturation is to flatten the flux distribution curve. 



Fig. 8 

Flux Distribution with Special Winding . It has been shown 
that if the equivalent field winding consists of equally spaced 
coils having the same number of turns, any two harmonics or 
their odd multiples can be eliminated from the flux distribution 
by properly choosing the breadth of the winding and the pitch of 
the coils. Thus if a winding is chosen that eliminates the third 



Fig. 9 


and fifth harmonics, it will also eliminate the ninth, fifteenth, 
twenty-first, twenty-fifth, etc. On the other hand, if the field 
winding consists of coils having unequal numbers of turns more 
can be accomplished in the elimination of the harmonics. Only 
the; c'ase in which the field is uniformly slotted will be considered, 
the second correction does not then have to be applied. The 
illustration here given is for a field winding consisting of four 
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coils per pole contained in slots displaced by 20 degrees as shown 
in Fig. 16. . See Appendix I. The central slot is not occupied. 
If the relative numbers of turns in the coils 1 to four are respec¬ 
tively 1.0, 0.88, 0.65 and 0.35, all of the harmonics in the flux 
distribution will be eliminated up to and including the fifteenth. 
The first harmonics that do occur, viz. the seventeenth and nine¬ 
teenth, have the same relative magnitudes as they do with a 
concentrated winding.* 

Analysis of Air gap Flux. The flux distribution in the air gap 
of a synchronous machine can be modified to a considerable 
extent by shaping the pole surfaces, or, as has been shown with 
non-salient poles, by properly distributing the field winding. In 
either case the value of the flux density in the air gap may be 
represented by a Fourier series which may be written: 

/3 = if ( 2 A Q sin q x + 2 C q cos q x) ( 11 ) 

x is the electrical angle measured from a point midway between 
the poles, i f is the value of the exciting current, and the coeffi¬ 
cients, Aq and Cq are the maximum values of the various har¬ 
monic distributions per ampere of field current at the particular 
saturation considered. 

With a smooth-core armature the magnetic circuit is construc¬ 
ted so that the flux distribution is at all times symmetrical about 
the center of the field poles. This disregards the effect of the 
cross magnetizing action of the armature currents which in¬ 
creases the saturation of one-half of the magnetic circuit above 
that of the other half. With a symmetrical flux distribution the 
C coefficients are all zero. When the armature is slotted, as it 
almost invariably is, the magnetic circuit is symmetrical only 
when a slot or a tooth is exactly at the center of a field pole. The 

C coefficients are no longer zero but vary periodically with the 
time. 

There are three cases to consider. The first is for a smooth 
armature and a constant exciting current. The flux distribu¬ 
tion is then independent of the position of the armature and y 
and the coefficients A t are all constant. The second case is for 
a smooth core armature and a periodically varying field current. 
y is then a periodic function of the time but the coefficients A a 
are still assumed to be constant. The third case is for a slotted 
armature core but with a constant field current. Here if is con- 
s an ut the coefficients A t and C q are periodic functions of the 

T.1TT1P 
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The armature winding in which the electromotive force is 
generated is distributed in n slots per pole per phase, displaced 
by an angle y and with a pitch deficiency, X. 

I. Constant Flux . In the first case, which is the simplest, the 
electromotive force generated in any armature conductor has 
the same wave form as the flux distribution. This is not true 
of the other cases. 

If the fundamental flux per pole is <j> i the q th harmonic flux 
per pole is 





The voltage, produced in the armature winding due to this 
harmonic flux is 


jFq — 4.44 Kq N q f cf) q 10 ® 

N is the number of turns in one phase of the armature winding 
and / is the fundamental frequency. K q is the total reduction 
factor for the q th harmonic in the flux distribution. 

By properly choosing the distribution and the pitch of the 
winding it is theoretically possible to eliminate any two har¬ 
monics from the electromotive force. A three-phase winding 
arranged in 15 slots per pole, having a phase belt of 10 slots and 
a pitch deficiency of three slots will entirely eliminate the third 
and fifth harmonics. In a well distributed three-phase winding, 
a pitch of five-sixths reduces the fifth and seventh harmonics to 
about four or five per cent of their full value. Special windings 
can be designed to eliminate several harmonics. For example, 
a single-phase winding such as previously described in connection 
with the flux distribution will eliminate all of the harmonics up 
to and including the fifteenth. 

Power will be developed in the armature only when there is 
a harmonic in the current of the q th order and then only if the 
time-phase displacement is not tt/2. 

Since the flux is of constant magnitude it produces no voltage 
in the field winding and therefore no reaction with it. 

II Variable Field Current. In the second case it is simplest 
to assume, though incorrectly, that the distribution of the flux 
in the air gap has a fixed wave form. If the variations in the 
field current are not large the approximate effect of a periodic 
field current may be represented by 

i f = J 0 + k 2 I* sin (s coit— 6 8 ) 



1492 LYON: HARMONIC ANALYSIS 

The frequency of the fundamental variation in this current is 


/1 — ~2~Tr ' ^ ma y or ma ^ no ^ e< ^ ua ^ f° frequency of the 

fundamental in the armature electromotive force. The constant 
term I 0 produces the harmonics that were calculated in the first 
case. Any harmonic in the field current produces a flux distri¬ 
bution in the air gap which is equivalent to two distributions of 
the same magnitude and wave length, which rotate in opposite 
directions with respect to the field poles. The frequencies of 
the voltages produced in the armature by these rotating fluxes 
are (<?/ =t sfi). Thus in a 60-cycle alternator, a 25-cycle current 
in the field winding produces voltages having frequencies of 35 
cycles and of 85 cycles, due to the variation in the fundamental 
component of the flux distribution. 

If the flux distribution contains a third harmonic, the 25-cycle 
field current produces voltages in the armature winding with 
frequencies of 155 cycles and of 205 cycles. This method of 
resolving a pulsating field into oppositely rotating fields was 
used by Ferraris in analyzing the operation of the single-phase 
induction motor. 

Ill Effiect of Slots . In the third and last case to be considered 
the field excitation is constant but the permeance of the magnetic 
circuit varies periodically on account of the slots in the surfaces 
of the field and armature. The wave form of flux distribution 
in the air gap varies cyclically while the armature is advancing 
the distance of the armature tooth pitch.* The periodic varia¬ 
tion in the shape of this flux distribution produces a correspond¬ 
ing variation in the coefficients of its harmonic components. 

Each of these coefficients may then be represented by a Fourier 
series. 

If n represents the number of slots per pole the series which 
represent any of the coefficients such as A q and C q are 


and 


A q = 2 p a Q cos 2 np (a t 
C q =. S p c Q sin 2 n p oo t 


The first is a cosine and the second is a sine series for the same 
reasons as outlined in the analysis of the armature reaction. 

Time is measured from the moment that an armature slot is directly 
opposite the zero point, that is, midway between the field poles. 
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(See Appendix II). The general expression for the flux distribu¬ 
tion in the air gap reduces to 

I 

ft = { 2 (pdq + pCq) sin (q x + 2 n p o) t) 

+ 2 (pdq — pCq ) sin {qx — 2 n p 0) t) } f (12) 

pdq is the coefficient of the p th harmonic term in the Fourier 
series which represents the variation in the coefficient of the q t h 
harmonic sine term, A q , in the flux distribution, and p c q is the 
coefficient of the p th harmonic term in the Fourier series which 
represents the variation in the coefficient of the q th harmonic 
cosine term, C q , in the flux distribution. 

The flux distribution in the air gap is thus resolved into two 
components one of which (for p = 0) is stationary with respect 
to the field poles and the other of which (for p = 1, 2, 3 etc.) is 
rotating. This second component can be further resolved into 
two wave trains which rotate in opposite directions through the 
air gap. The effect of the stationary component has already beer 
analyzed. The harmonics existing in it may be due to the shape 
of the pole surface or, in the case of non-salient poles, to the dis¬ 
tribution of the field winding or to the field slots. The rotating 
fluxes are due wholly to the presence of the armature slots 
although their magnitude is influenced by the shape of the field 
poles or the arrangement of the field winding. The fundamental 
slot harmonics, i. e., p = 1, are probably the most important. 

The periodic variations in the A coefficients indicate corres¬ 
ponding variations in the flux per pole, while the periodic varia¬ 
tions in the C coefficients indicate corresponding distortions of 
the flux distributions. The latter are equivalent to an oscillation 

of the flux across the pole face. 

The coefficients p a q and p c q can be determined by analyzing 
the flux distribution for successive positions of the armature 
with respect to the field poles. If the values of the coefficients of 
any particular harmonic are then plotted against time, this curve 
can be analyzed for the coefficients of its harmonic components, 
i. e., o d q , i a q , 2 d q , etc. 

The order of the harmonic in the generated voltage depends 
upon the order of the harmonic in the flux distribution which is 
affected by the slot pulsations, and the number of slots per pole. 
It is (q±2n p) . The most important slot harmonics are due 
to the variation in the fundamental flux and are of the orders 
(2n± 1). . ____ 


t/o is the field current. 
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Distributing an armature winding has no effect in eliminating 
the harmonics caused by the pulsations due to the slots except 
in so far as it modifies the reduction factor for any particular 
harmonic in the flux distribution. 

Harmonics due to the armature slots may be very prominent 
in the flux distribution and yet generate little or no voltage in 
the armature winding. This is because these harmonics move 
synchronously with the armature and will thus be effective in 
producing voltage only when their magnitudes vary so that they 
produce a net variation of flux through the armature coils. 

In Fig. 10 assume that the flux dis¬ 
tribution in the air gap is represented 
by the expression 

P — Ba sin x [1 — a cos 2 n (x — co t) ] 

where n is the number of slots per 
pole. The value of a determines the 
magnitude of the slot harmonics. 

This flux distribution may be thought 
of as the result of a sinusoidal distribu¬ 
tion of magnetomotive force acting on 

a magnetic circuit whose permeance varies with the time as shown 
by the bracketed term. The flux linking a coil of unity pitch is 

0 = 2 B 0 (l + cos a) t * 



Thus, in this case the flux through the coil varies sinusoidally 
and there are no higher harmonics in the voltage, although the 
armature slots are the cause of large harmonics—depending 
upon the value of a—in the air-gap flux distribution. These har¬ 
monics are of the orders (2 n -f 1) and (2 n - 1), but their am- 
p l u es vary with a frequency of 2 n times the fundamental 
frequency. The net effect of this is to produce a fundamental 
voltage only. Further, the flux from one pole is 


= 2F 0 (1 + 


4 ns 


cos 2 n oo t 


tlf fl hlS aS , SU “ eS that the centerline of the slot marks the division between 

- , UX wluch enters the tooth at the right and the one at the left. This 

is of course not strictly true. 

t r* 


f 


/? d x (assumed) 
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The flux is greatest when a slot is midway between the poles, and 
least when a tooth is midway between them. The slots may 
thus cause a periodic variation in the total flux per pole and yet 
there may be no corresponding harmonics in the generated volt¬ 
age. 

Armature Reaction . The flux produced by the armature cur¬ 
rent will be divided into two distinct parts; that which exists in 
the air gap and that which does not. The magnitude and dis¬ 
tribution of the first varies with the excitation and power factor, 
but the second portion is very nearly independent of each of 
these factors, and for the sake of simplicity it is. assumed to vary 
only with the armature current. 

The effect of the armature current of an alternator in modify¬ 
ing the air gap flux generally influences the operation of the 
machine more than anything else. The method here used to 
analyze this effect is to first obtain an expression which shows 
how the flux density in the air gap, due to a single armature coil 
of unity pitch, varies when the coil is placed in any position rela¬ 
tive to the field poles. The resultant effect due to a single-phase 
winding ip the sum of the separate effects due to the individual 
coils of the winding. An extension of this method of combina¬ 
tion will give the resultant reaction for a three-phase alternator. 

In Fig. 1, (3 is the normal component of the flux density in the 
air gap due to a single coil in which there is a current of i amperes. 
The equation of this distribution may be written in the form of 
a Fourier series. 



{ I A q sin q (x — co t) 

+ 2 C a cos q (x — co t) } 



N c and Nf are respectively the turns per armature coil and the 
turns per field pole. A q and C Q are respectively the instantane¬ 
ous maximum values of the q th harmonic sine and cosine flux 
distributions for an armature current equivalent to one ampere 

in the field circuit. > . 

As the coil moves through the air gap, i. e., as 0 ) t varies, the 

coefficients A t and C q of the series will vary periodically at 
double frequency. If the magnetic circuit is assumed to be 
symmetrical about the center line of the poles the series for A t 
will consist of cosine terms only and the series for C t will consist 
of sine terms only. The proof of this is given in Appendix II. 
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The series for A q and C Q may be written 

A g — oa Q + 2 v a q cos 2 p co t 
C q = 2 p c Q sin 2 p co t 

where p may equal 1, 2, 3, 4, etc. 

If these values are substituted in equation (13) and the prod¬ 
ucts of sine and cosine terms are expanded, the result gives 




odq sin (q x — 


a «/) 



2~ 2 pC ^ sin & * ~ (ff “* 2 P) co /) + 

-. 5 # 

2~ 2 2 < - pa ® _ ^ sin ( qx ~ q + 2 p) ty | ( 14 ) 


This represents the flux distribution in the air gap due to a 
single armature coil carrying a current of i amperes. The 
angular displacement of the coil from the center of the pole is 
co t. ' 0 a q is the average value of the amplitude of the qth har¬ 
monic in the flux distribution. 1 a q and x c q are respectively the 
fundamental amplitudes of the variation in the maximum values 
of the 2 « harmonic sine and cosine distributions. 

With a distributed winding the values of co t are different for 
the individual coils and the total reduction factors are 


Kq ±2 p — 


qin (s ± 2 P) n y 

_ 2 _ cos (g rb 2 ^>) X 

n sin 2 P) y. 2 


If the expression for the current is i = 2 V~2h sin (s a t-t-0 ) 
the general expression for the flux distribution, due to the arma¬ 
ture current alone, in the air gap of a single-phase alternator re- 
duces to 


0 


N, 


V2 N, 


{ 



K„ • 


Q ‘ 0 &q 


In [ cos .(# x (q -j- s) co t — #*) 

• % 

- cos (q x - (g- s) at + 6.) ] 
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+ 222 



or—2 p* 



+ 

2 


• I 3 [ cos fax — (g — 2 p + s) co t — 

— cos (g x — (g — 2 p — s) cx> t f?«) ] 






4- 2i? • 




• I s [ cos (q x — (g + 2 p + •$) w ^ $«) ^ 

— cos (g x — (q 2 p — s) co /+ 0 8 ) ] |* 

(15) 

Three-Phase Armature Reaction. In a three-phase alternator 
the resultant flux distribution due to the armature current alone 
is the combination of three such distributions. With a bal¬ 
anced load the currents are equal in magnitude and differ in 
phase by 120 degrees. The three armature windings also differ 
in their relative positions by 120 degrees. The sum of the 
three single-phase distributions will then be zero except when 
the coefficients of co £ in equation (15) are zero, three, or some 
multiple of three. In the coefficient of co t, q is always odd; 
2 p is always even and ordinarily the current contains no even 
harmonics and s is therefore odd. (g =fc 2 p =t s) is thus either 
zero or even. If, however, the current contains even harmonics, 
this coefficient may be odd. 

The general expression for the armature reaction flux in a 
three-phase alternator is given in equation (15). If the current 
contains no even harmonics only those terms can appear in 
which the coefficient of co t is zero, six, or some multiple of six. 
If the armature current contains none but even harmonics only 
those terms can appear in which the coefficient or co t is zero, 
three or some odd multiple of three. 

In a turbo-alternator with a uniform air gap, the armature 
flux is independent of the position of the armature coil with 
respect to the field poles. In this case all of the coefficients 
except vanish, i. e. y p has no value but zero, and the complete 
expression for the armature reaction is much simplified, consist¬ 
ing as it does of only the first two terms in equation (15). 

*JV P and N f are the armature and field turns per pole. 

For the method of calculating the coefficients and p c q and their 
values see Appendix III. 
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The only assumption made in deriving this expression for 
the armature reaction flux is in regard to the symmetry of the 
magnetic circuit. But for this it is perfectly general. 

Armature Flux, Voltage and Power. In an alternator with a 
uniform air gap the armature reaction is stationary with respect 
to the field poles only when the harmonic orders of the com¬ 
ponent flux distribution and the component armature current 
are the same. With a salient-pole alternator, however, the 
fundamental current may produce a stationary third harmonic 
in the armature flux, or a third harmonic component in the 
armature current may produce a stationary fundamental com¬ 
ponent in the armature flux distribution. With a salient-pole 
alternator there is likely to be a considerable third harmonic 
component in the armature reaction which is stationary with 
respect to the field poles and is due solely to the fundamental 
part of the armature current.* If the armature is delta-con¬ 
nected, a third harmonic current will exist in the windings which 
may of itself produce a stationary fundamental component in 
the flux distribution.f The latter would affect both the fun¬ 
damental voltage and the power developed. 

With a uniform air gap, in which case p = o, no average power 
is developed. That is, no power is developed in an alternator 
having a uniform air gap if the field excitation is zero. With 
a salient-pole alternator, however, in which case p is an 
integer, power may be developed due to the armature 
reaction flux alone, or, in other words, when there is no field 
excitation. This power is proportional to the sine of twice 
the lead angle of the fundamental armature current. The 
power is greatest with a phase angle of 45 degrees. Thus an 
unexcited synchronous machine may develop considerable power 
as a generator if the current leads, and considerable power as a 
motor if the current lags. These are well known facts. Further¬ 
more a current of one harmonic order may produce a flux that 

reacts with a current of a different harmonic order and produces 
power. 

When a synchronous motor is being brought up to speed by 
hysteresis and eddy current action, the fundamental current is 
relatively a fifth harmonic at one-fifth of synchronous speed, a 
third harmonic at one-third of synchronous speed and a second 
harmonic at one-half of synchronous speed. If one of these har- 

*See fourth term, equation (15) q ® 3, p — 1, s = 1. 
fSee sixth term equation (15) q=l, p = l, s — Z. 
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monies produces a torque greater than that due to hysteresis 
and eddy currents, the motor will tend to lock in at that speed 
and not come up to synchronism. Whether it does or does not 
will depend upon whether the momentum of the rotating part 
is sufficient to carry it into a phase position that is unfavorable 
for the development of motor torque due to the reaction of the 
air gap flux and the current. The hysteresis and eddy current 
torque is greater at one-fifth speed and the synchronous torque 

ft 

developed by the current is smaller than at either one-third or 
one-half speed. The tendency of the motor to lock in at one- 
half speed is greater than at either one-third or one-fifth speed. 
It depends upon the design and principally upon the ratio of 
pole arc to pole pitch. 

Harmonics in Transient Short-Circuit Condition. The tran¬ 
sient short circuit in an alternator gives a good illustration of 
the effect of even harmonics in the armature current. We 
will consider only the case of a three-phase turbo-alternator 
which has its field and armature windings so distributed that 
the harmonic components in the flux distributions they produce 
are negligible compared with the fundamental components. 

The general equation for this current is 

i = 2A e~ at + 2 B e-fi 1 sins cot + 2 C e~ yt cos s cot ( 16 ) 

As far as the writer is aware the constants in this equation have 
never been evaluated. 

Due to the first term in this expression there is a decaying flux 
distribution which rotates at synchronous speed with respect to 
the field poles. There will thus be produced a current of fun¬ 
damental frequency in the field winding. The periodic flux 
produced by this current will generate a voltage of double 
frequency in the armature winding, causing a second harmonic 
current, which will react on the field circuit and produce a third 
harmonic current in it. This third harmonic variation of the 
field flux will produce a second and fourth harmonic in the 
armature winding. The effect of a second harmonic has already 
been accounted for. The fourth harmonic in the armature 
current will produce only a third harmonic in the field winding, 
the effect of which has already been' considered. The fifth 
harmonic which would have been produced in a single-phase 
alternator is not present, since the component fluxes which 
would produce it sum up to zero in the case of a three-phase 
alternator.* There will thus be a fundamental and a third har- 


*First term, equation (16) q =» 1, s = 4. 
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monic in the field current, and a fundamental, a second and a 
fourth harmonic in the armature current, but none higher. The 
magnitude of these harmonic components will be influenced to 
a considerable extent by the eddy currents produced in the 
practically solid rotor. 

Calculation of Field Current. One of the most interesting 
applications of this theory, is to the problem of calculating the 
field current of an alternator for a given load condition, A three- 
phase, Y-connected generator, with neutral free, is chosen so 
that there can be no troublesome third harmonics in the armature 
current. There is generally little error in neglecting the effect 
on the terminal voltage of the fifth or higher harmonics in the 
armature flux if the magnetic circuit is designed so that there is 
no prominent fifth harmonic in the flux distribution due to the 



Fig. 11 


field. If it be assumed that the armature currents are sinusoidal 
and balanced, that the harmonics in the armature flux above 
the third are negligible and that the harmonic variations in these 
components above the second are also negligible,* the expression 
for the stationary armature reaction flux distribution reduces to 

& = Ki h | — 0 ai cos (x + 6i) 

+ ~ 2 lCl cos (*- 00 - * L±ifl cos (3 , + &l) 

+ - -- A cos (3 x — 6i ) | 

In equation ( 15 ) -y = 1, g = 1 and 3 and p — 1 and 2 only. 


( 17 ) 
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The first of these terms is that ordinarily given for the arma¬ 
ture reaction and it is the only one present when the air gap is 
uniform. The other terms are due to the non-uniformity o 
the magnetic circuit for different positions of the armature coi s 
on account of the spaces between the salient poles. The thir 
and fourth terms are due to the presence of variable third har- 
ftionics in the flux distributions produced by the armature coils. 
They have no direct effect on the fundamental armature voltage 
but they do alter the saturation of the main magnetic circuit 
and may be important on this account. If they increase the 
flux from each pole it requires more field current to give a 
specified armature electromotive force than is shown by t e 

no-load saturation curve, t _ . , 

The vector diagram showing the phase relations of the tun a- 

mental armature reaction, the armature current and the air gap 
flux is given in Fig. 11. F and E F are the impresse e an 
the voltage it would produce on open circuit. V is the termina 
voltage. The armature current, I, lags behind the excitation 
voltage jE f by an angle 6i. A i and A 2 are the first and secon 
terms of the resultant armature reaction Aq. From equation 

(17) it is seen that 

* . Jl- . Kl . J, (o a,)* 

V 2 N v 

* 

1 iV P ^ t ifli + 

V 2 'N* ^ 

A 1 is in phase with the current while A 2 lags behind the current 

by (tt - 2 6i) if (ifli + 1 C 1 ) is positive, as it usually is. Thus the 

resultant armature reaction lies more nearly in line wit . e 

impressed field than if the air gap were uniform. This con ltion 

occurs for two reasons; first, because an armature coil produces 

more flux when opposite a pole than when half way between 

poles (ifli > 0), and second because the axis of the armature 

flux tends to conform with the axis of the field poles ( 1^1 > 0). 

At unity power factor, A \ and A 2 are in opposition, while at zero 

power factor they are in conjunction. Thus the magnitude o 

the armature reaction flux is much greater at zero power factor 

t han at unity power factor. ____ _ 

fSee Effect of Third Harmonic on Saturation. . > 

♦Values of the coefficients Q a u i&i and 1 C 1 etc. are given m appendix ill. 
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Fig. 12 shows the vector diagram which may be used in 
calculating the regulation of an alternator. The power factor 
(external) at which the alternator is operating is cos 0.* The 
sum of the terminal voltage, V, the resistance drop, Ir e f, and 
the leakage reactance drop, I x a t gives the voltage E a , which is 
produced by the resultant fundamental flux in the air gap. This 
flux is due to the effect of the field and armature currents acting 
in conjunction on the magnetic circuit. If the permeability of 
all parts of the magnetic circuit is now assumed to be constant, 
the air gap flux which produces E a may be replaced by the com¬ 
ponent fluxes which would be produced in the air gap by the 
independent action of the field and armature currents. With 
such an assumption the fluxes and the equivalent field currents 



producing them are proportional. I R is the field current cor¬ 
responding to E a , obtained from the open-circuit saturation 
curve. A i and A 2 are the equivalent field currents correspond¬ 
ing to the two parts of the armature reaction. I F is the actual 
field current. It is readily proved by geometry that the vector 
drawn from the terminus of J R to the intersection of A x and I F 
is equal to (A 1 — A 2 ) and that the distance from this intersection 
to the terminus of I F is 2 A 2 sin d\. Thus the phase position of 
I F is determined by the armature reaction at unity power factor. 

For the purpose of calculation it is more convenient to rotate 
Ir and I F through 90 degrees clockwise so that the vector dia- 
gram appe ars as in Fig. 13. 

*An angle of lead is positive and an angle of lag is negative. 

f^e and x a are the equivalent single-phase values. 
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The armature leakage reactance may be determined from the 
•open- and short-circuit characteristics. At short circuit the 
internal power-factor angle, 6 U is essentially 90 degrees. Calcu¬ 
late the field current equivalent to the total armature reaction 
at zero power factor, viz. A x + A 2 . Observe the voltage £ A0 
that would be produced on open circuit by this field current. 
Referring to Fig. 14 the leakage reactance is shown to be 

„„ _ -®f E A0 
* - -' 

a 

There are two minor corrections which will increase the pre¬ 
cision of the results. They are the effect of the third harmonic 
and the increased pole leakage. 

Effect of Third Harmonic on Saturation. The flux in the air gap 



and in the main magnetic circuit is produced by the magnetizing 
action of the field current and the armature current. Part of 
this flux is sinusoidally distributed and produces a measurable 
voltage across the terminals of the armature, while a small part 
of it is a third harmonic distribution and produces no voltage 
across the terminals. The saturation of the magnetic circuit, 
however, is determined by the entire flux. The armature volt¬ 
age, E a , (See Fig. 13) is due to the combined action of the field 
current and the sinusoidal portion of the armature reaction. 
The third harmonic portion of the armature reaction increases 
the flux per pole, when the current is a lagging one, and therefore 
more net field current is required to produce E a under load 
conditions than at no-load. The higher harmonics in the arma¬ 
ture flux may also increase the saturation, but their effect is 
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usually small. The magnetizing action of the third harmonic 
component, in equivalent field current, is somewhat less than- 





r / 1&3 + 1C3 

N f 1 \ 2 


2&3 + 2^3 \ 

2 / 


sin 


In Fig. 15 E a is the armature voltage which would be produced 
by Jr on open circuit. Under load, because of the increased 
saturation due to the third harmonic, it requires I' R amperes to 
produce this same voltage. The entire magnetizing action for 
this condition is equivalent to a field current of (IT + A 03 ) 
amperes. On open circuit this would produce a voltage E . 
Perhaps the simplest method of determining the field current, 




I' R , necessary to give the required armature voltage is to assume 
two values of E somewhat above the actual armature voltage, 
E ai to calculate the corresponding values of E a and then to 
interpolate between them. The values of J' R and E a corres¬ 
ponding to an open-circuit voltage E are 

I\ = If-~A Q3 and E a = . - E 

It is suggested that values of I f be chosen equal to I R + ^4 03 and 
Ik + SA 03* This correction is quite small unless the saturation 
is high and the power factor is low. Except in a few cases to 
which attention is called no account of this effect is taken in the 
calculations that follow. 

*Por a lagging current sin d\ is negative. 
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Increased Field Leakage .* On open circuit the field current 
produces not only the flux in the airgap but also the leakage flux 
between the poles. Under load conditions the field current 
must usually be increased if the flux is to be maintained constant, 
on account of the demagnetizing effect of the armature reaction. 
Since the pole leakage is nearly proportional to the field current, 
it will usually be greater under load conditions than at no-load 
for the same armature voltage. The increased leakage requires 
additional field current, which is proportional to the difference 
between the calculated value of the field current, J F , and that 
required to produce the armature voltage, namely I '*. An 
approximate value of this added field current is 


in which v is the leakage coefficient of the field, u, the saturation 
factor for the field poles and yoke, and y, the ratio of ampere 
turns required for the field poles and yoke to those required for 
the rest of the magnetic circuit. These coefficients should all 
be calculated for a condition of the magnetic circuit correspond¬ 
ing to the field current J' R . 


Numerical Calculation of Field Current 


1080-h p., 3-phase synchronous motor. 


Volts. 6600 

Poles.. 6 

Slots. 108 

Series conductors per slot. 14 

Coil pitch... 0.83 

Turns per field spool. 462 

Pole arc: pole pitch.... 0.642 

Field Leakage coefficient. 1.083 


Ratio 


_ amp, turns, poles and yokes 

amp. turns airgap, teeth and arm. core 


Saturation factor*—field poles and yokes 

(£« = 6025)..... 

0&1 .... 

1&1 -f~ iCi 


0.026 

5.6 

0.803 


2 


0.269 
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Calculation of field current when 98.5 amperes is delivered at 
a power factor of 0.42, leading 

0.707= 0.707X 0.923 X - X 93.1 

= 16.57 for/. = 93.1 
= 17.52 for J 0 = 98.1 

Armature reaction at zero power factor 

A 0 = 1.072 X 16.57 

= 17.76 equivalent field amperes. 

Field current on short circuit for armature current of 93.1 
amperes is 19.2 amperes. Armature voltage on open circuit for 
field current of 50 amperes is 2250 volts. 



19.2 - 17.76 
50 


X 2250 


= 648 volts for armature current of 93.1 amperes 
= 686 “ “ “ “ « 98.5 “ 


V = 6600 cos 9—j 6600 sin 6 
= 2772 - j 5990 

T Za = 92+J6S6 

E a = 2864 - j 5304 
= 6025 volts 


cos 6 = 0.42 


I r = 92. volts 
(between terminals) 


Corresponding field current from saturation curve. 
I* =14.2 amperes 


2864 
6025 X 


14.2 


.5304 
3 6025 


X 14.2 


= 6.75 -j 12.49 

Armature reaction at unity power factor for armature current of 
98.5 amperes. 

Ax-Ai = 0.535 X 17.52 
= 9.38 

h +j (Ax- A 2 ) = 6.75- j3.ll 

= 7.43 


2 sin dx = 0.537 X 17.52 X 

7.43 


= 3.94 

/f = 7.43 — 3.94 6 X is an angle of lead 

uy = X 0.026 X 5.6 

= 0.011 


V 
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I' F - I F = 0.011 (3.49- 14.2) 

I f F = 3.37 

Measured value of field current = 2.0 

It is difficult to predetermine accurately the field current of a 
synchronous generator for a given load condition, particularly 
when it is delivering a leading current. If the so-called magneto¬ 
motive force method or the method proposed by the A. I. E. E. 
is taken as the standard of simplicity, then it can be said that 
there is no simple method of calculating the field current that 
will give reliable results for every load condition. The effect of 
the armature current is much too complicated to be calculated 
so easily. The general method, in which the leakage reactance 
and armature reaction are determined by the Potier triangle, is 
perhaps as good a compromise as any between accuracy and 
simplicity. 


TABLE OF COMPARATIVE FIELD CURRENTS. 


FIELD CURRENT 


Output 


Voltage P.F.i 


500 

kv-a. 

240 

1,500 

kv-a. 

2,300 

2,000 

kv-a. 

2,300 

f 2,000= 

kv-a. 

2,100 

\ 2,0002 

kv-a. 

2,100 

| r 2,500 

kv-a. 

2,300 

< 

[ 2,500 

kv-a. 

2,300 

5,000 

kv-a. 

2,300 

f 5,000 

kv-a. 

6,600 

\ 5,000 

kv-a. 

6,600 

J 83.5 amp* 1 2 3 4 5 
\ 68.0 amp. 3 

■ 

I 

12,000 

kv-a. 

6,600 

[ 93. 

X RIXlp. 

6,600 

i no 

amp. 

6,600 

( 98. 

5 amp. 

6,600 



1.0 

1.0 

+0.784 


Gen. 

method M. M. F. A.I.E.E. Proposed Observed 


121.5 

120.5 
199. 

52.5 
-5.6 

257. 

f 10. 6 7 

\ -42. 6 
235 
221 
171 

39.5 

48.1 
372 

35.2 

16.5 
9.0 


173 

40.0 

53. 


16.6 

9.2 



1. + sign indicates a leading current; — sign, a lagging current. 

2. Two-phase. 

3. As a motor. 

4 . Corrected for effect of third harmonic. 

5. Armature m.m.f. from short-circuit data. 

6 . Armature m.m.f. from zero power factor data at rated voltage. 

7. Not corrected for increased field leakage. 


The author wishes to aknowledge his indebtedness to the General 
Electric Company and Westinghouse Electric and Manufacturing Com¬ 
pany for the data from which these results were calculated. 
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APPENDIX I 

Refer to.Fig. 16. N 1 , N 2 , Ns and N 4 indicate the numbers of 
turns in the coils. Let be the average flux density per ampere 
turn when one coil alone is acting. The flux density per ampere 
at a distance x , measured from the center of a belt of conductors, 
reduces to 




cos + cos - % — + Ns cos —~ 7 


+ N 4 . cos 


2 

7 q y 


X 1 . 

I - SI 

/ Q 


sm q x 


If any harmonic is to be eliminated its coefficient in this series 
must be zero. Since there are three independent variables in 


each coefficient, viz. 


N 2 Ns N 4 


, at least three harmonics 


Ni ’ N, 1 Ni 

and their odd multiples may be eliminated. Choose these 


JIJiLJU 


n x n 2 n 3 n 4 


Fig. 16 


variables so that the third, fifth and seventh harmonics will 
vanish. Since there are 9 slots per pole the angle y/2 equals 
10 degrees. The equations are 

Ni cos 30 + N 2 cos 90 + Ns cos 150 -f- AL cos 210 = 0 

Ni cos 50 + N 2 cos 150 + Ns cos 250 + N 4 cos 350 = 0 

AT cos 70 + N 2 cos 210 + AT cos 350 + AT cos 490 = 0 

The ninth harmonic vanishes for any number of turns in the coils. 
The equation for the eleventh harmonic coefficient is identical 
with that for the seventh except that the signs are changed. It 
therefore vanishes. The same is true for the thirteenth and 
fifteenth harmonics. Thus the first harmonic that appears is 
the seventeenth. The other higher harmonics that may be 
present are the nineteenth, twenty-third, twenty-ninth, etc. 
The first harmonics that appear, viz. the seventeenth and the 
ninteenth are "of the same order as would be produced by the 
rotor slots. . They could be reduced to small proportions by 
closing the slots with magnetic wedges. The solution of the 
above equations for the relative numbers of turns in the field 
coils gives 
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n 2 

N 1 

= 0.88 

n 3 

Ni 

= 0.65 

Nt 

Ni 

= 0.35 


The efficiency of the winding is 80 per cent. 

The reduction factor for the seventeenth harmonic is the 
same as that for the fundamental but the harmonic is reversed 
in phase. The same is true of the nineteenth harmonic. Each 
of these harmonics thus occurs in the same relative magnitude 
as it would in the distribution due to a concentrated winding. 
Making the correction for saturation, neither alters the efficiency 



of the winding nor the reduction factors for the seventeenth and 
nineteenth harmonics, but does alter their relative magnitudes. 

b 

If ——is 0.10, they are both about thirteen per cent greater 
than at low saturation. 

APPENDIX II 

In Fig. 17, Bi = B 2 if x x = x — x 2 and co t x = — co t 2 and the 
magnetic circuit is symmetrical about its center line. 

B i = 2 Aq sin qx i + 2 Cq cos q x x 
B 2 = 2J Aq sin q x 2 + S Cq cos qx 2 
But since Xi — if — x 2} and q is always odd 
B 2 = 2 Aq sin q Xi — 2 Cq cos q X\ 

From this it follows that Aq = Aq and Cq = — Cq. 

But A g and C g are periodic functions of 2 co / and since co t x 
= — co t 2i A q must be a cosine series and C q a sine series. 
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If one tip of the field pole is more highly saturated than the 
other, as it usually would be, the magnetic circuit will not be 
quite symmetrical about its center line. This distortion is 
probably never very great since most of the reluctance is in the 
air gap. Its effect would be to introduce sine terms into the 
series for A q and cosine terms into the series for C Q . The final 



result would be to produce small quadrature electromotive 
forces in the armature winding which would otherwise be absent 
and which are neglected throughout this analysis. 

APPENDIX III 

Calculation of Coefficients. The following assumptions in 
regard to the distribution of flux in the air gap are considered 



Fig. 19— Flux Distribution Due to Armature Current. Zero 

Degrees. 

ideal. They are chosen to represent the actual conditions as 
nearly as possible and still allow relatively simple calculations 
to be made. With these assumptions, however, it requires 
about fifteen pages of close calculation to obtain the desired 
coefficients. In practise, it may happen that the departure of 
the actual distributions from these ideal forms may be so great 
as to warrant new calculations that will more nearly fit the 
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special case. The flux distributions can also be determined 
experimentally and the coefficients deduced therefrom. 

With one ampere-turn acting per field pole the flux distribution 
in the air gap is assumed to be sinusoidal, with a maximum value 
of B m . See Fig. 18. For the same saturation of the main mag¬ 
netic circuit with one armature turn carrying one ampere, the 



Fig. 20— Flux Distribution Due to Armature Current. 45 De¬ 
grees 

flux distributions for different positions of the turn are .shown 
in Figs. 19, 20 and 21. At zero degrees, with the armature coil 
directly opposite a field pole, the distribution is an inverted sine 
curve between the poles and coincides with the distribution due 
to a field ampere-turn under the poles. The maximum value is 
B m . At 45 and at 90 degrees, the distribution is also an 



Fig. 21— Flux Distribution Due to Armature Current. 90 De¬ 
grees. 

inverted sine curve between the poles and coincides with the 
distribution due to a single field ampere-turn under the poles. 
Taking the maximum value in each of these four cases as Bm 
assumes that the reluctance of the armature core, pole and yoke 
is negligible compared with that of the air gap and teeth. This 
is nearly so at low saturation. For operating conditions the 
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saturation is higher and the flux densities due to an armature 
coil will be relatively greater for those positions that give flux 
paths that do not include the field poles, yokes and core. In 
order to make the calculations as simple as possible it is assumed 
that this applies only to the distribution at 90 degrees. It 
should also apply to the distribution at 45 degrees. Theunethod 
of estimating this increase in the flux density, however, assumes 


that the condition of the magnetic circuit for a coil position of 
90 degrees is the same as at low saturation. This assumption 
neglects the increase in reluctance of the armature core and pole 
faces and thus makes a compensating error. The method of 
estimating the increase in the flux density for a coil position of 
90 degrees is illustrated in Fig. 22. If the saturation of the 
main magnetic circuit is determined by T 
the voltage E a on the open-circuit sat- ~ 7 

uration curve, the value of the maxi- /i 

mum flux density should be taken as g_/ 

E’ a / S' 

-p— B m for the distribution at 90 de- // I 

grees. / j 

In the two latter positions of the arma- j I 

ture coil the amplitude of the inverted J j 

. A , , 2 / i 

sine curve is taken as 1 — —= - / I 

\l i+ ■?" ! 

of the density at the pole tip*, where b 
is the width of the interpolar space and ^ IG * 22 

g is the length of the air gap at the pole tip. An average 
value of this amplitude is about 0.85 and it is taken as such 
in the calculations. The Fourier analysis of these assumed flux 
distributions gives formulas for the coefficients of the sine and 
cosine terms of the fundamental and third harmonic distribu¬ 
tions. If the coefficients of the third and higher harmonics in 
the variations of these coefficients are assumed to be negligible, 
the approximate values of 0 a h xa h x c h x a z , 2 a z , jA and 2 c 3 
can be calculated. At the end of this appendix these coeffi¬ 
cients are tabulated for a ratio of pole arc to pole pitch of 0.70 
for different saturations. For ratios of pole arc to pole pitch 
between 0.65 and 0.75 the armature flux is nearly constant. 

*This formula is due to Mr. F. W. Carter, who, however, uses it in 
connection with the problem of determining the flux distribution opposite 
an armature slot placed in an otherwise uniform air gap. 


Fig. 22 
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Different assumptions in regard to the shape of the flux 
distributions for different positions of the armature coils would 
give different values for these coefficients. Considerable 
research may be necessary before reliable representative values 
can be chosen. Oscillographic measurements made at low satur¬ 
ation on a 7.5-kw. generator give a ratio of third harmonic to 
fundamental component at unity power factor of 52 per cent, 
and at zero power factor of 18 per cent. The ratio between the 
fundamental fluxes for unity power factor and zero power factor 
is 45 per cent. Referring to the table of coefficients it will be 
seen that the calculated values of these ratios are respectively 
64 per cent, 22 per cent and 50 per cent. The coefficients given 
in this paper are only roughly indicative of the general results 
that may be expected, and the following conclusions are liable 
to some error. Within its usual values the ratio of pole arc to 
pole pitch has apparently little effect on the armature reaction. 
At unity power factor the reaction is about 3 per cent greater 
for a ratio of 0.75 than for one of 0.65. For a ratio of the 
length of the air gap at the pole tip to the length of theinterpolar 
space of 0.05 the reaction at unity power factor is about 2.5 
per cent less than for a ratio of 0.10. Saturation has no effect 
on the armature reaction at zero power factor but at unity power 
factor the armature reaction increases with the saturation. At 
higher saturations the third harmonic in the armature reaction 
is more prominent than at lower saturations at unity power 
factor, but at zero power factor the third harmonic component 
is practically constant. 


TABLE OF COEFFICIENTS.* 


Saturation. 

1.0 

1.11 

1.2 

1.3 

Qfll , *.. v . . 

0.80 

0.82 

6.83 

0.85 

Id ) + iCl 

0.27 

0.26 

0.24 

0.23 

2 




i«3 "hicg 

2 

-0.29 

-0.30 

-0.32 

—0,33 

•203 H - iC s 

0.05 

0.07 

0.09 

0.10 

2 






*To obtain the best results the coefficients should be calculated for the proper ratio of 
pole arc to Dole pitch and for air gap to interpolar space. 
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Discussion on “Application of Harmonic Analysis to the 
Theory of Synchronous Machines” (Lyon). (Pre¬ 
sented by Publication.) 

N. S. Diamant z I would like to call attention to a few points 
in connection _ with this paper. As the author states very 
clearly, the principle of the analysis given in the paper is well 
known and all that the author claims and expects to do is to 
develop it more fully and _ put it in a form more usable for the 
average engineer. It is difficult to see whether the author has 
succeeded in this for the following reasons. 

In a paper of this nature it is well, if not necessary, to con¬ 
nect up one’s work with that of previous investigators by giving 
references at the proper places. This, however, the author has 
not done. Therefore, it may be of interest to state that a very 
complete resume of generation of voltage in dynamo electric 
machin es was given by S. P. Smith and R. H. Boulding, Journal 
1 : lyio, Vol. 53. In connection with the general method 

of analysis referred to by the author in the first three para- 
graphs of the paper, the following references might prove 
useful to the reader who wants to go further into the subject: 
“ de Physique 1897, 3 series, T. VI. p. 341 and 483. A. 
Blondel, LEclauage Electnque, 1895, T. IV, pp. 241, 308 et 358. 

■ V ‘ P- 268 - S ® e also P - Janet, Lecons d’Electrotechnique 
generate, T. Ill, chp. V. Alex Russell, Altern. Currents, Vol. II, 
Unp. A1V. 

The above remarks are not made in order to detract from the 
value of the paper, but because during the last few years, in 
connection with the study of similar subjects, I felt the need of 
a paper or book summarizing in a general and clear way the 
best results of work that had been done along this line of the 
application of harmonic analysis to the theory of synchronous 
machines. Thus, m a paper* presented at the Atlantic City 

Dis^rihutW, OI f Sustained Short-Circuit Phenomena and Flux 

of Salient-Pole Alternators,” I was compelled to 
include some introductory material bearing on the flux distribu¬ 
tion and flux pulsation and oscillation. See Section 3 and Sup¬ 
plementary Notes at the end of the paper referred to. It ds 

this need of P a°l n I mg !° f at the author has not Q^e filled 

this need of a general critical summary of the subject. 

Derfem-WI 1 !^!,^ be wd } “ a paper of this nature to make 
fields avo he f one / ef ? rs t0 time harmonics called multiple 
author’^ e , xa mple, referring to page 1184 and following the 

winding whh^Af 1011 ? ^ h& Sh °Y n that an ordinar y armature 
g with. N conductors per slot and one slot per pole per 

phase, supplied with a sinusoidal, in time, current will be ?x- 
havhivT 11 ^ 1 ^ 1 f°' fluX -’ sinusoidall y distributed; in space, 

S “/?tc fte fl » ™r idally a t s; 

- «^ving a piten ot r /6 and 1/3 as m any turns as the 

*Trans., A. I. E. E., 1918, Vol. XXXVII, p. T ' 
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first, etc. In general, in case of a polyphase alternator with a 
sine-shaped armature current with regard to time, and any 
ordinary type of winding, non-sinusoidally distributed in space, 
the resultant m.m.f. can be considered as consisting of series 
of m.m.f. curves, all of fundamental frequency, in time, and 
having a pole pitch r/k and traveling at a speed of k times 
the speed of the fundamental wave. Thus, it is extremely im¬ 
portant and makes it very easy reading if the author in every 
case would make it perfectly clear whether he refers to time or 
space harmonics. 

Mathematically speaking, it is also very well to make clear 
whether the author refers to traveling waves or stationary waves. 

In connection with the effect of slots given on page 1492 it 
would have been well if the author had explained more in detail 
the origin and production of the tooth harmonics, particularly 
as there seems to be considerable difference of opinion in regard 
to this as referred to in my paper on 1493. The author states 
that “the periodic variations in the shape of this flux distribution 
produce a corresponding variation in the coefficients of its 
harmonic components. Each of these coefficients may then 
be represented by a Fourier series.” On the next page after 
some mathematical transformations he is contented to state 
further “that the periodic variations in the A coefficients in¬ 
dicate corresponding variations in the flux per pole, while the 
periodic variations in the C coefficients indicate corresponding 
distortions of the flux distribution. The latter are equivalent 
to an oscillation of the flux across the pole face.” 

These statements I am afraid are at their best too abstract 
and mathematical, and personally I would greatly appreciate 
having a little more detailed interpretation and explanation of 
the underlined phenomena. I would be glad for example to 
have the author explain how he starts with periodic variations 
in the flux and after some mathematical transformations he 
gets a variation plus a to-and-fro oscillation of the flux across the 
pole face. The coefficients A and C may indicate this but it 
would help very much if he will explain to us the physical 
mechanism involved. 

With reference to the harmonics in sudden short-circuit con¬ 
ditions I would appreciate having an explanation of the deriva¬ 
tion of equation (16) and just what is meant by the remark that 
“so far as he is aware the constants in this equation have never 
been evaluated.” This statement may be true but for the sake 
of the reader who wants usable data on the subject as to theory 
I may refer him to Boucherot and Berg, and as to experimental 
data and methods of calculation to papers published during the 
last few years in the Transactions A. I. E. E., Electrical World , 
General Electrical Review , and Electric Journal. 

W. V. Lyon: The author agrees with Mr. Diamant that a 
comprehensive bibliography would be useful to the student of 
this subject. 
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6 *^f ec ^i a i? on .(*) on P a & e 1479 represents a 

sinusoidal distribution of flux in the air gap that may be sta¬ 
tionary or traveling with respect to the field poles, depending 
upon whether j is or is not zero. For any fixed value of time 
the equation shows that the flux density varies sinusoidally as 
we progress around the gap. The wave length is l/q of the wave 
length of the fundamental distribution, i. e. l/q of twice the 
polar pitch.. The equation also shows that the density at any 
fixed point m the gap varies sinusoidally with the time. Should 
we progress around the gap at such a rate that q x is always 
proportional to the time and equal to jut the density at this 
traveling point is constant. In this way the velocity of the 

distribution is determined. The velocity, x/t, thus equals 

y ated on Page 1479. When j is zero the distribution is 
■ * onar F with respect to the field poles. Otherwise it is moving 
m the same direction as the armature if j is a positive quantity 
cf + °PP 0Slte direction if j is a negative quantity. As 

stated, the poles are assumed stationary. Relative motion is 
of course the only thing that counts. The advantage of this 
form of expression for the flux density is that it at one and the 
same time indicates the shape of the distribution and its relative 
velocity with respect to the field poles. 

Unfortunately the question of the harmonics in the e. m. f. 
due to the action of the slots cannot be handled with mathemati¬ 
cal exactitude due to the fact that as the slots come under the 

PP?, I p_ ,, e jysion of the flux between that which enters the 
tooth at the right and that which enters the tooth at the left is 

J th ® ce . nt f line of the slot. Thus it is not possible to 
calculate the instantaneous flux linkages with the armature coil 
yingin this and its corresponding slot by integrating the flux 
density function between limits, since the limits are not known, 
they might be determined experimentally by exploring the field 
within a slot when it occupies different-positions with-respect to 
the pole. In the absence of such data the author integrated 
rom the center of the slot, but noted the assumption, page 1494. 
Referring to equation (11) on page 1490 it is seen that the flux 
per pole due to the field current alone is approximately equal to 
the integral of this expression from 0 to tt. This is not of course 
strictly true since the density may not be zero at these two 
lmi s. . e integral of the cosine terms is zero between these 
fimrts, e. the cosine terms contribute nothing to the polar flux. 
Phey do however alter its distribution, and, if variable, account 
tor oscillations of the flux across the polar surface. On the other 
fiand if the A coefficients vary the entire polar flux pulsates in 
magnitude. These oscillations and pulsations are due to the 
action of the slots as is well known. They are not always the 
cause of harmonics in the armature e. m. f. And although the 
question has been the subject of considerable investigation, the 
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author has seen diametrically opposed conclusions in regard to 
the cause and suppression of these harmonics. Some combina¬ 
tions of pulsations and oscillations may produce no net effect in 
the winding as shown on page 1494. . A simple method of reduc¬ 
ing these variations in flux density is to make the ratio of slot 

opening to air gap as small as possible. . , 

The author believes that the statement m regard to the 
transient short-circuit current is correct. While much work 
has been done in this important subject no solution has been 
given that is based on as rigorous theory as the question merits. 
The general form of equation (16) is of course determined by a 
consideration of the result produced by a disturbance m two 
inductively coupled circuits like the field and armature windings 
of an alternator.' If further proof is needed it is supported by 
oscillographic records such as Mr. Diamant has taken. 
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ELECTRIC WELDING—A NEW INDUSTRY 


BY H. A. HORNOR 


Abstract of Paper 

This paper covers a brief review of the uses of electric spot 
and arc welding in this country prior to the formation of the Elec¬ 
tric Welding Committee of the Emergency Fleet Corporation. 
It co m pares the status of the art at the present time and em¬ 
phasizes the developments that have been made in apparatus 
in the last six months. It treats of the activities of the Welding 
Committee in applying electric welding processes to the ship- 
building industry and points the way to the general applicability 
of this method to other industries. It shows that the results 
obtained by investigation and physical tests prcrv'e that the 
applications of this process to heavy work are satisfactory. 


Introduction 

A BOUT a year ago the Chairman of the Standards Com¬ 
mittee of the Institute was requested to investigate and 
standardize spot welders and the apparatus connected with 
them. It occurred to the members of this committee that 
electric welding could perform an important function in increas¬ 
ing the progress of steel ship construction. The work which 
was started by the Standards Committee was then transferred 
to the General Engineering Committee of the Council of National 
Defense. Last winter the Council of National Defense abol¬ 
ished all advisory committees but at this time the Emergency 
Fleet Corporation of the U. S. Shipping Board had become so 
much interested in the subject that they decided to adopt the 
Committee. The Committee is composed of representatives 
covering broadly the whole field of welding activities in this 
country and, although electric welding has been the subject of 
all the investigations up to the present time, it is now proposed 
to include gas welding with representatives from all the gas 
welding associations and companies connected with this industry. 

The two main processes of electric welding, namely, arc weld¬ 
ing and spot welding, were found by this committee applied in 
the first case to repairs and in the second case to certain factory 
quantity production jobs. The work done was in the case-of 
spot welding only on light material, and in neither case very 
extensive. The processes to be successful in their application 
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to the construction of merchant vessels would have to show 
reliability in the joining of steel plates from a half-inch to one 
inch in thickness. To this and kindred problems the committee 
immediately turned its attention. 

The work had all been done in the field where it had been 
applied by practical men. It was first necessary to formulate 
the proper nomenclature and symbols. This was thoroughly 
investigated and a very comprehensive set of symbols has been 
approved by the committee and is in daily use by those now 
actively engaged m this new application. The approved nomen- 
clature introduces the subject to the designing and calculating 
engineer and gives him the instrument by means of which he is 
able to place; his thoughts rapidly and conveniently on drawings. 

The manufacturers of apparatus joined the practical man in 
the study of the problems of electric welding. Apparatus and 
so-called processes introduced various types of machines suitable 
for the conversion of electrical supply to the proper values of 
current and voltage needed at the arc or at the spot. The manu¬ 
facturer in his eagerness to meet the problem naturally encoun¬ 
tered many difficulties. These difficulties increased until a 
point was reached as referred to above where he demanded some 
standards upon which his apparatus could clearly be rated. 
Therefore, the manufacturer was only too pleased to co-operate 
with the Welding Committee and is today conscientiously aiding 

in straightening out the difficulties in which he was involved 
prior to last year. 

Arc welding in this country has largely been done in the rail¬ 
road repair shops. It was discovered that the process was 
much cheaper and could be performed more rapidly than by any 
of the, gas welding methods. It also could be applied without 
preheating and in many cases without the expense of disas¬ 
sembling complicated pieces of machinery. Spot welding be¬ 
sides being used in many different industries was sought for by 
the railroad man and there has been built a gondola car which 
has seen some seven or eight years of service. It is interesting 
to note here the difference in practise between Great Britain and 
the United States. The former knowing little or nothing about 
spot welding had the practise and application of arc welding 

very well under way; the latter exactly the reverse. 

Apparently the attempts to train operators were rather crude 
and it was early observed that the reliability of the electric weld 
depended substantially upon the skill of the welder. The manu- 
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facturers of apparatus and the superintendents in railway shops 
had struggled with the problem of training operators but inten¬ 
sive study had not been given the subject so that there existed in 
this respect a great deal of groping in the dark. 

Present Status of Electric Welding 

Investigations were immediately undertaken to answer the 
question whether spot welding could be successfully accom¬ 
plished using one-inch thick steel plates. An experimental 
apparatus of large size was erected and put into operation, the 
results showing that no difficulty was encountered with half¬ 
inch and three-quarter inch plates. The same remark applies 
to one-inch steel plates. In fact, this experimental machine was 
successful in welding three thicknesses of one-inch plate, a 
condition which far exceeds the requirements of merchant ship 
construction. This operation has its historical significance in 
that this was the first time that any spot welding of this magni¬ 
tude had been performed. The successful outcome of these 
experiments has led to the design and construction of large spot 
welders to be used in the fabrication of ship sections. The 
practical application of a large five-foot gap spot welder will be 
made at a demonstration of a forty-foot section of a standard 
9600-ton ship to be built at the plant of the Federal Shipbuilding 
Company, Kearney, New Jersey. This is the largest portable 
spot welder ever built. It will prove two points in ship construe- 
tion by the electric method, namely, the clamping of the ship’s 
structural parts for assembly thereby reducing the time in 
working the material as well as for the erection of the ship 
material; and secondly, by the speed of spot welding it will prove 
the decrease in time for joining the material together. The 
consensus of opinion is that the large stationery spot welder of 
five- or six-foot gap will undoubtedly play an important part in 
increasing the speed of fabricating sections of standard steel 
vessels. Further investigations are being made and designs are 
being worked out for special spot welders for use in the construc¬ 
tion of bulkheads. The designs proposed are chiefly for shop 
processes, but it can be asserted that such apparatus will be of 
undoubted value in the saving of time and man power. 

Arc welding had been tried in a great variety of work but 
there was no conclusive evidence that it could be developed 
to the stage of joining ship plates with the certainty of full 
strength. The first stage of this investigational work is now 
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almost completed. Sample welds of half inch ship structural 
steel were taken by a special sub-committee to fourteen or 
fifteen different places where electric welding was being per¬ 
formed. This sub-committee saw the welding done, noted the 
conditions of current, voltage, electrode, operator, etc., and 
then prepared the welded samples for tests. The samples were 
forwarded to the Bureau of Standards in Washington so that 
the tests should be conducted by parties absolutely disinterested 
and without knowledge of how the samples were obtained. 
The results of these tests showed a remarkable similarity espec¬ 
ially when it is realized that they were made by several firms 
with different electrode materials and under varying conditions 
of the electrical circuit. Practically all of the welds pulled at 
over 50,000 pounds per square inch and several over 60,000 
pounds the average being about 58,000. On the bending test 
one of the samples was bent to an angle of 78 degrees before 
a crack started and final failure reached 80 degrees. In another 
case the sample was bent to 65 degrees before the crack started 
and final failure did not occur until 86 degrees. The point of 
importance here is that all the welds showed a reliability and 
satisfactoriness which makes conclusive the opinion that elec¬ 
tric arc welding is applicable for the joining of steel where 
the structure is submitted to live loads, bending strains, static 
pressure, or the like. The Sub-committee on Research is pur¬ 
suing this subject and practical samples are being prepared for 
similar tests using three-quarter and one-inch stock material. 
The results of these tests will be available as soon as the reports 
are presented and approved by the Welding Committee. The 
Research Committee is also preparing various types of joints 
in heavy plating. These will be submitted to all the regulation 
tests and in addition to shock and fatigue tests and tests to 
destruction. 

To give a further indication of the large size practical tests 
which are being carried on at the present time it may be stated 
that three 12-foot cube electrically welded tanks are now being 
constructed. These tanks are built in such a way that from 
twelve to fifteen different designs of joints are used in their 
construction. After these tanks are built they will be subjected 
to a static strain and the deflection of the seams will be directly 
measured. Afterwards they will be tested by external shock 
and crushed to destruction. Portions of the joints will be cut, 
sent to the Bureau of Standards, and again tested for the sake 
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Sample Showing Indifferent and Good Built Up Welds 
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Partially Completed Arc Welded Seam—Notice Tack Welds 

to Hold Plates Together 
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Arc Welding in Three Different Positions—Plat—Vertical 

and Overhead 
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ARC \\ ELDING AROUND RlVET HEAD TO PREVENT LEAKAGE 
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Saving Piston by Building Up Section of a Smoke Stack— 
with Electric Arc Weld Seams Welded by Electric Arc 

Welding Process—Metal 1/4 in. 
Boiler Plate 
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Twelve Foot Cube Tank all Seams Electrically Welded for 
Experimental Purposes—Built at Pittsfield, Mass. 
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School for Electric Arc Welders Established by the Emer¬ 
gency Fleet Corporation at the Plant of the General Electric 
Company 
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of accumulating precise data. In this connection there is being 
built at the Norfolk Navy Yard a battle-towing target. The 
keel of the target 110 ft. long will be entirely electrically welded 
and the results of this practical demonstration will be care¬ 
fully recorded after it has been put in regular service. 

It is to be expected that the manufacturers of apparatus 
being keenly observant of the increased interest in electric 
welding as well as in the future, which is probably now un¬ 
questioned, would be active in their desire not only to improve 
their present facilities and their design of apparatus but also 
to proceed themselves to follow the trend of the investigations 
made by the Welding Committee. The consequence of this 
has been a large increase in output of apparatus and it may 
be unhesitatingly stated that there are no difficulties in the 
way of obtaining all the electrical welding apparatus that is 
needed. One interesting point is that certain manufacturers 
who were decidedly of the opinion that direct current was the 
only proper current to use for arc welding have within a very 
recent period changed their point of view and are willing to 
admit that alternating current may have certain advantages 
in the development of this art. 

The electric arc requires a reduced voltage and this is difficult 
to attain with direct current without relatively expensive 
machines or a useless expenditure of energy. The practise in 
this country in manufacturing establishments of any size has 
been toward an increase in the supply voltage so that very 
few large manufacturing plants use less than 220 volts direct 
current. With this voltage the only economical method of trans¬ 
formation is in the use of a motor-generator set.. The effi¬ 
ciency in this case is in the neighborhood of 50 to 60 per cent. 
It is possible to use a supply voltage of 110 volts with a variable 
resistance which cuts down the voltage to the arc volts. This 
gives a very poor efficiency. In the case of alternating curxent 
the supply voltage can be reduced by a transformer which will 
su Pply a $ in the case of direct current a sufficient voltage for 
striking the arc and a satisfactory reduction when the arc has 
been struck. On the other hand, if a low voltage alternating 
current is provided a simple reactance may be introduced which 
has some of the same wasteful characteristics of the resistance 
used with the direct current. The average apparatus will 
permit of electric arc welding consuming about six to eight 
kilowatts per welder but if low voltage is provided there are 
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certain outfits which will reduce the consumption as low as three 
and one-half kilowatts per welder, or even less. 

Without entering into an elaborate analysis of the relative 
costs of electric welding, it may be broadly stated that there 
is hardly any question that the electric process is cheaper than 
any other. The same may be said as regards speed and also 
reduction of man power. In a recent discussion of this subject 
President Adams stated that at one of the Eastern shipyards 
the total number of parts on the welding program of the standard 
riveted ships now building at that yard amounted to 225,000. 
The labor cost for riveting these pieces is about 245,000 dollars 
and for welding about 99,000 dollars making a saving of 146,000 
dollars. But this is only a drop in the bucket when compared 
to what might be profitably done in this line. He stated further 
that in certain particular instances the saving is as great as 
90 per cent. 

One of the interesting questions discussed with some fervor 
by the members of the Welding Committee is the advantages 
of the bare and covered electrode. Regarding this discussion 
no definite facts can be stated. In England the practise has 
been to use the covered electrode which protects the welding 
arc from contact with the air thus guarding against too great 
a formation of oxide. The practise in the United States up to 
the present time has been largely bare wire. Recently, American 
investigators have discovered the important fact that there 
are advantages in the covered electrode and many experiments 
are now being made, some with results. It is important to ob¬ 
serve that in the above mentioned tests of welds, the best one 
of these samples was made with a coated (not an asbestos 
covered) electrode using alternating current. The point in 
this case seems to rest upon the question of the ductility of the 
weld and it would seem that the bare electrode does net make 
as ductile a weld or at least one as easily bent as the coated 
or covered electrode. The question of the ductility of the weld 
is one of much importance in the application to ship construc¬ 
tion and will doubtless be of importance in other allied in¬ 
dustries. It is, therefore, a question of serious importance 
and constitutes an important part of the work of the Sub¬ 
committee on Research. 

No matter what the type of electrode is nor its composi¬ 
tion, no matter what kind of shank material is to be welded, no 
matter what kind of apparatus is employed, the reliability of 
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the weld rests mainly upon the man who makes it. This man if he 
has been properly trained and is skilled in the art knows instantly 
whether he is making a weld or not. He becomes after much 
practise able to judge fairly well upon looking on a finished weld 
whether it is a good weld or not. The work of training electric 
welding operators early became a part of the functions of the 
Education and Training Section of the Emergency Fleet Cor¬ 
poration. The men connected with this work are members of 
the Welding Committee. Schools for the training of operators 
as weir as for the conversion of operators into instructors, are 
established in many parts of the country. The objects held 
in view by the training department are first to give the man 
intensive practise work so that he becomes a good craftsman. 
The methods are simple to start with, as the exercise of the right 
arm muscles must become flexible enough to permit the opera¬ 
tor to give the required movement to the electrode. By a 
graduated series of exercises this is accomplished in about eight 
weeks. The man is allowed to do production jobs in the shop 
which gives him confidence through responsibility. It becomes 
desirable at this time to give the man some outside work on 
ships and where this is practicable, it is done. The man is then 
turned over to an instructor who gives him an intensive course 
in pedagogics lasting from five to six weeks. At first sight it 
would not seem necessary to so instruct a man but it is not 
generally understood that teaching after all is itself a trade. 
The experience with the men in this respect is most interesting. 
In nearly every case the man has resented this course at the 
start but at the end has turned completely around and in many 
cases has desired an even more extensive training. What is 
really accomplished is to give the man the necessary confidence 
to impart the knowledge that he has gained to another green 
man. The men under training are taken, from the various 
industries especially the shipbuilding industry and after they 
have finished their instructor training course are returned to 
their employer to carry on the instruction, in their own plant. 
The men who go through this training as provided by the Emer¬ 
gency Fleet Corporation are certificated when they have shown 
themselves to be entirely proficient. It is not possible nor 
expedient for the Emergency Fleet Corporation to require the 
certification of all electric welders. It is the consensus of opinion 
that all industries doing serious work with the electric arc 
should use men who are , certified as to their ability in the art 
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of electric welding. The main reason for this opinion is that 
the operator must be a conscientious workman or the weld will 
not be of perfect quality. 

This brings forward another problem upon which a great 
deal of experimental work has been and probably will continue 
to be done, namely, a practical and scientific method of testing 
a welded joint after it has been made. There have been a number 
of suggestions made for the solution of this problem. They 
are briefly, as follows: 

(a) Mechanical. By hammering the weld or by chipping 
at frequent intervals. 

(b) Electric. By means of resistance or voltage drop. 

(c) Magnetic. By means of the permeometer or the change 
of conditions of the magnetic circuit. 

(d) X-ray. By means of an exposure on an X-ray plate. 

At the present time none of these suggested methods have 

been productive of conclusive results and recourse must be had 
to the purely mechanical methods of striking heavy blows on, 
or adjacent to, the weld or by using a chipping hammer and 
making intermittent examinations. It would seem by far the 
best procedure to make the inspector proficient in the art so 
that he may closely observe the welders while at work. This 
may be accomplished by a two or three weeks attendance of 
inspectors at any one of the electric welding training centers. 

Methods of Electric Welding 

There are many methods and processes of electric welding 
but the two main ones that interest the committee at the 
present time and alone have been mentioned so far are the spot 
welding and arc welding. It may be a surprise to some of the 
old time welders to consider electric welding as a new industry. 
In substantiation of this statement it may be well to describe 
briefly what is meant by electric welding as it is practised today. 

Spot welding is not much different in the methods of proce¬ 
dure or in design of apparatus as when it was first introduced. 
Copper electrodes, water-cooled in the heaviest machines, are 
placed on opposite sides of the material to be welded together. 
The joint is a lap joint. Machines are now so designed that 
two spot welds may be made at one time. The routine of the 
operation is as follows: 

/The electrodes are brought into contact with the materials to be 
joined, current is supplied sufficient to give, the required heat, pressure' 
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Structural Drawings of Experimental Section of Standard 
Ship Being Built at Kearney, New Jersey, Under the Direction 
of Mr. A. J. Mason 
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Arrangements at Kearney, New Jersey, for the Building 
of Experimental Section of Standard Ship 
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Arrangements at Kearney, N. J., for the Building of Experi¬ 
mental Section of Standard Ship—Near View Showing Keel Blocks 
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Method of Making Transverse 
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X-Ray Photograph of Weld 
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Portion of Drawing for Keel of Battle Towing Target Showing 
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Detailed Design for Proposed Electrically Welded Ship 
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is then applied, the current is removed, and the pressure is removed, 

the weld is then complete. 

* 

The operator has a perfect indication of making a good spot 
weld by the use of a button placed under the electrode observ¬ 
ing which he knows exactly the proper timing of the operation. 
There is therefore no question as to a good, bad, indifferent, 
spot weld. Automatic spot welders have been designed and built 
but it is the general opinion that they add complication to a 
process which in itself is very simple. 

The process of arc welding is as follows: 

One side of the electric circuit is connected to the material to be welded, 
the shank material is usually prepared by beveling the edge of the pieces 
to be welded together. The other side of the electric circuit is connected 
to the electrode. The operator is provided with a holder which carries 
the electrode. By touching the electrode to the shank material the arc 
is drawn. 'I he skilled operator now moves the electrode from side to 
side of the groove giving a semi-circular motion while at the same time 
moving the electrode along the groove. 

It is important that the arc u bite’ 7 into the shank metal creating 
a perfect fusion along the edges and the movement of the elec¬ 
trode is necessary for the removal of any mechanical impuri¬ 
ties that may be deposited. In the coated electrode it is further 
necessary that the slag which forms for the protection of the 
pure metal be worked up to the surface and it is extremely 
important in the event of a second or third layer that the slag 
or impurities be carefully scraped away before the virgin metal 
is again laid on. 

The operator in arc welding is protected with either a hand 
screen or a covering for his face with special glass through which to 
observe his work. The electric arc emits dangerous invisible 
rays in both the upper and lower spectrum scale and it is quite 
evident that both the infra-red and ultra-violet are dangerous 
in their effect, the former is pathological the latter actinic. 
The operator further uses gloves for his hands and for the very 
difficult work of overhead welding it is necessary for him to use 
a helmet which partly covers his breast. 

Developments 

' Tlie tendency of developments in spot welding has already 
b^en slightly touched upon. In their nature as applicable to 
shipbuilding,,the advancernent. will naturally have to proceed 
toward means for accomplishing spot welding in very cramped 
locations. This makes an .exceedingly difficult problem as the 
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power requirements are such as to preclude any very small 
device. In riveting one-half of the apparatus is on one side of the 
work and the other half on the opposite side and it is difficult to 
conceive of any method of spot welding that will admit of such 
an arrangement. In shipbuilding it is quite probable that 
designs may be made that will permit of a large or at least 
increased amount of spot wielding in the actual construction of 
the vessel. Certainly, present designs of riveted ships will not 
allow of this to any great extent. As already stated, spot weld¬ 
ing can now take its place in the fabricating shops and it is to 
be expected that within a few months spot welding will begin to 
supplant riveting in this field. The only drawback to this will 
be the sufficient production of spot welding apparatus. 

The tendency of development in arc welding is toward the 
automatic machine to obviate the responsibility that has to be 
placed upon the skilled operator. Intensive work has been done 
within the last few months in the line of automatic arc welding 
machines and at the present time sample tests of welds made by 
such apparatus have been sent to the Bureau of Standards. 
These machines will occupy a very important position in repeti¬ 
tion work. They will not immediately supersede the skilled 
operator in repair work, or in special jobs but it may be expected 
that the development of such machines will bring about appar¬ 
atus which can be man-handled and will eventually take the 
place of most of the hand work as it is now known. 

Of the scientific advancement in the art of electric welding 
there is so much to be treated that only a general outline can 
be considered at this time. The research work has only just 
begun. Practise has preceded the scientific investigation. 
The field, therefore, is full of most interesting problems. Those 
who have been following the development of the past six months 
are deeply interested to know the fundamental reasons. The 
investigational questions may be grouped into three main 
divisions: 

1. Metallurgical. ....... 

2. Physical. 

3. Electrical. 

The metallurgist has yet to tell us what the conditions of 
the metals are after the electrode material has fused with the 
parent meta^l, and to determine what the proper conditions 
must be to produce a good, weld. This problem has in it a great 
many variables. The physicist must explain the atorriic 
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electronic conditions which permit of the combinations at the 
high temperatures involved and must explain the phenomenon 
of overhead welding. The electrical investigator must deter¬ 
mine all the various phenomena connected with the preferences 
between and the advantages of the use of different forms of 
electrical energy and the varying characteristics of the electric 
circuit in producing different types of welds. 

Conclusion 

From the preceding remarks it must be conceded that the 
Welding Committee of the Emergency Fleet Corporation has 
already crystalized the problems connected with this art. The 
working functions of this Committee have been laid down upon 
the broadest possible lines. Liberal opportunity has been given 
every one to state in detail his opinion and to express the reasons 
for his preference on every point connected with this subject. 
The Committee goes even further than this. It furnishes those 
interested with every new idea that is brought to bear upon the 
subject after sifting from the suggestions any question of doubt 
or misstatement of fact. All suggestions of improvement or 
problems of special application are gladly taken in hand, thor¬ 
oughly investigated, and reports made. It will welcome any 
comments that those connected with the industries may desire 
to lay before it. The personnel is at the present time such that 
it can devote not one but many minds to the solution of any 
specific problem that is laid before it. 

The Committee early discovered that the literature of elec¬ 
tric welding was very much clouded by misstatement of fact 
or half-baked theory and much of the time of the Committee 
has been taken up in disproving such statements. In order 
to spread the results of this work to all quarters a handbook 
is now being prepared which will contain only definite facts 
and results of investigations as are approved by the whole 
Committee. This handbook will be made available to all those 
who desire to acquaint themselves with the proper means of 
accomplishing good and reliable electric welding. 




Presented at the 343d Meeting of the American 
Institute of Electrical Engineers, New York, 
November 8, 1918. 
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ELECTRIC MOTORS IN THE CEMENT INDUSTRY 


BY R. B. WILLIAMSON 


Abstract of Paper 

This paper has been compiled by the Committee on Indus¬ 
trial and Domestic Power to give general information regarding 
the different classes of machinery used in the cement industry 
and the. sizes and types of motor bestadapted for the work. The 
paper gives, first, a brief description of the process. This is fol¬ 
lowed by an outline of the various kinds of machinery used to¬ 
gether with data as to power requirements. The types of motor 
best suited to each application together with starting character¬ 
istics, overload capacity, torque and other features are indicated. 


P RACTICALLY all modern mills manufacturing Portland 
cement are driven by electric motors, and since the pro¬ 
cess is mainly one of crushing and grinding, a large amount of 
power is required. 

Before considering the various motor applications, it may 
be advisable to give a brief outline of the process of manu¬ 
facturing Portland cement, which constitutes about 99 per cent 
of the cement of all kinds manufactured in the United States, 

General Description of Process 

Portland cement is generally formed by an artificial combina¬ 
tion of calcareous and argillaceous materials. These materials 
are mixed either before grinding or during the process of grinding. 
After being ground so that from 80 to 90 per cent of the material 
will pass through a screen having 200 meshes per lineal inch, 
it is burned to incipient fusion in a rotary kiln, after which the 
resulting clinker is again ground so that at least 78 per cent 
will pass the 200-mesh screen. 

The Portland cement clinker, after it leaves the rotary kiln, 
requires no further treatment than grinding, excepting the 
addition of about 2 per cent of gypsum to retard the setting. 
In some parts of the United States natural cement rocks are 
found which contain nearly the proper proportions of materials 
to produce Portland cement; but, even in these localities it 
is generally necessary to add either limestone or shale in order 
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to get the proper mixture. Certain deposits of cement rock 
so nearly approach the proper proportions of materials, that 
at one time limestone must be added and at another time shale. 

In the United States, limestone furnishes the largest supply 
of calcareous material for Portland cement. Other sources of 
supply for this class of material, in addition to cement rock 
mentioned above, are marl, chalk and alkali waste. Shale 
and clay are most commonly used for obtaining the argillaceous 
material for Portland cement. Cement rock mentioned above, 
as well as blast furnace slag, are also used as a source of argilla- 



Pig. 1 


ceous material. Blast furnace slag, like cement rock, contains 
a considerable proportion of lime and has the further advantage 
that this lime is found as calcium oxide instead of the carbonate; 
therefore, the heat necessary to dissociate the carbon dioxide 
gas from this part of the lime is not required. 

The preliminary crushing of limestone, cement rocks and 
shale is ordinarily done in the crushers of the gyratory, jaw or 
roll type. Materials may be ground either in the wet or dry state. 
Fig. 1 shows a typical flow sheet for a wet mill and Fig. 2 for 
a dry grinding mill. In a dry grinding plant, the two classes 
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of materials are preferably dried separately and then weighed, 
after which they are ground. In a wet grinding plant, the mater¬ 
ials are generally measured or weighed in their natural state 
as excavated, and then ground. Where shale or cement rock 
is used as the argillaceous material, it must be crushed in rock 
crushdrs. In the past, it has been the practise in certain wet 
grinding cement plants to dry the clay in order better to store 
and handle it, and also to eliminate gravel and other foreign 
material. The better practise, however, is to dump the clay 
in its natural state into a wash mill where sufficient water is 
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mixed with it to allow the heavy pieces of gravel to settle out, 
and also to form a slurry which can easily be stored in tanks. 
The flow sheet, Fig. 1, for a wet grinding cement plant shows 
a wash mill installed for handling the argillaceous material. 
Wash mills are used only for clays, marls and similar materials, 
which, by mixing with water, can be kept in suspension. If 
shale were used as argillaceous material, a crusher of some 
type would have to be provided instead of a wash mill. 

The same general type of grinding machinery can be used 
for either wet or dry grinding. In the past, it has been custom¬ 
ary to use a preliminary and a finishing grinder; but, the latest 
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development in cement practise is to use a combination mill 
which combines the preliminary and finishing grinder in one 
machine, eliminating considerable expense in cost of installation 
and reducing materially the cost of operation. The combina¬ 
tion mill has its greatest advantage in eliminating one set of 
storage bins and a great deal of elevating and conveying machin¬ 
ery. Combination mills consisting of a preliminary compart¬ 
ment charged with steel grinding balls and a finishing compart¬ 
ment charged with flint pebbles were tried many years ago, 
but mills of this type have never been successful until the intro¬ 
duction of the iron grinding body in The finishing compartment. 
The introduction of iron grinding bodies in the finishing compart¬ 
ment has also increased the capacity of mills of a given size, 
resulting in greatly simplifying the design of a cement plant, 
also reducing the cost of installation and operation. 

While # most mills have in the past been arranged for dry 
grinding, there is a strong trend towards wet grinding in new 
installations. The principal advantages of the wet process are, 
cleanliness, less tendency for different materials to segregate, 
and better opportunity to correct the mixture to obtain the 
exact proportions desired. 

In the early days of the manufacture of Portland cement, 
the ground raw material was made into briquettes and then 
charged into a vertical kiln and burned. This process of burn¬ 
ing was more economical in fuel consumption than rotary kilns, 
except of the very latest type; but had the disadvantage that 
a great deal of the material was wasted on account of being 
improperly burned and the labor cost was very high. In the 
United States, fuel was comparatively cheap and the cost of 
labor high, and, as might be expected, the rotary kiln is an 
American invention. The improvements made in the rotary 
kiln have resulted in such saving in the cost of burning cement 
that it is now generally used throughout the world. 

The clinker leaves the rotary kiln at a high temperature, 
and before grinding it must first be cooled. Most modem 
cement plants use a rotary cooler after the kiln. The cooler 
is preferably placed below the kiln in order to conserve the 
sensible heat of the clinker, the air for cooling the clinker passing 
up into the kiln to support combustion. In addition, however, 
to cooling the clinker, it is desirable to age it before grin din g, 
as aging not only improves the quality of the cement, but also 
increases the “grindability” of the clinker. The aging of cement 
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can either take place before grinding or after grinding; but, 
the cement can be more cheaply stored in the condition of 
unground clinker than after it is ground. 

The grinding of the clinker into finished cement requires 
more power than any other step in the process, as the clinker 
ordinarily is much harder to grind than the raw materials. It 
is common practise in American cement plants to grind the 
raw material and the clinker to about the same fineness. There 
is at the present time, a tendency to demand more finely ground 
cement, specifications for Portland cement in the United States 
having been changed in 1916 from 75 per cent through 200 mesh 
to 78 per cent through 200 mesh. There is a greater tendency, 
however, to grind the raw material extremely fine. There are 
three advantages in the extremely fine grinding of raw material; 
fuel is saved, a better cement is produced, and the clinker from 
finely ground raw material is more easily ground than clinker 
from the same material not so finely ground. 

Natural gas and fuel oil are used in a few cement plants, but 
the most commonly used fuel for burning Portland cement is 
finely pulverized bituminous coal. Bituminous coal is crushed 
in a preliminary crusher, or the screenings from the coarse coal 
are used, after which it is passed through a rotary dryer and 
then ground so that about 85 per cent passes through a 200 mesh 
sieve. Finely pulverized coal is blown into the rotary kiln by 
an air blast; the pressure used varies greatly but is generally 
from two to six ounces. 

General Conditions Affecting Motors 

The same reasons that hold for the preference of a-c. to d-c. 
motors in general industrial work make the a-c. motor more 
desirable for cement mill operation. There are two main reasons 
for this. First, the relatively higher alternating voltage that 
can be used, i. e . 440 or 550 volts or even 2200 volts for some of 
the motors in large mills; and second, the greater mechanical 
simplicity of the a-c. motor, particularly that of the squirrel 
cage type. The great majority of cement plants use alternating 
current, though there are a number of mills equipped with d-c. 
motors which have given excellent service. There is nothing 
inherently injurious about the action of cement dust on the 
commutators of d-c. machines, and they are successfully em¬ 
ployed in some plants, but, all in all, the a-c. motor is preferred 
and used. The following features should be borne in mind in 
selecting motors for a cement mill. 
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Service. Continuous. Shut down for repairs only. 

Starting Conditions. Severe on many applications and 
making phase-wound-rotor motors preferable or even essential. 

Rating. May be affected by heavy accumulations of dust 
on the motor windings, thus interfering with ventilation. Ma¬ 
chines should be frequently blown out and cleaned off. 

Bearings. Should also be made dust proof by the use of 
felt and steel washers, as cement has a highly abrasive action 
and greatly increases bearing wear when present in the bearings. 

Outboard Bearings. It is good practise to supply outboard 
bearings for belted motors of 75 h. p. and larger. Pulleys 
larger than usual in both diameter and length are often specified 
since the cement dust causes more than normal belt slippage 
and makes necessary tighter belts and increased strain on bearings. 

.Drive. Motors should not be direct geared to crushing ma¬ 
chinery on account of excessive and severe vibration. Low- 
speed motors direct-connected through flexible couplings, or 
belted, are the proper application. So far as possible, motors 
and belts should be placed in a separate room for protection 
from dust and to prevent their agitating the dust in the room 
where the mills are located. 

Type of Motors. Alternating-current preferred; squirrel- 
cage where starting conditions are fairly easy, and wound-rotor 
motors where starting is severe. Low- or moderate-speed motors 
should be used. On account of the unfavorable belt conditions 
large speed reduction ratios should be avoided. Moreover, 
low- or moderate-speed motors are more substantial mechani¬ 
cally than high-speed and give less bearing trouble. 

Collector rings are not injured by cement dust, which, when 
dry, does not show the abrasive action that it does in the bear¬ 
ings. It is advisable, however, to protect collectors so that dust 
cannot settle on them in large quantities. 

While the induction motor has been used almost exclusively 
for cement plant operation, there are indications that syn¬ 
chronous motors will be adapted to this work more in the future. 
This is specially so in the case of low-speed motors for geared 
tube mills as mentioned later. 

Frequency. Frequencies of 60 cycles and 25 cycles are in 
common use. Most of the large plants that are operated in con¬ 
nection with steel mills have 25-cycle equipment since they 
usually get their power from the same source as the steel mill, 
and 25 cycles has been generally used for steel mill operation. 



1918] WILLIAMSON: MOTORS IN CEMENT INDUSTRY 1537 


A few plants are in operation at frequencies other than 25 or 
60 cycles but these are on the whole exceptional. 

Voltage. 440 volts preferred to 220 on account of copper 
distribution; 550 volts is satisfactory in a dry process plant. 
In some large mills 2200 volts has been used for the large motors 
but this practise is not common. 

Load Factor. May be as high as 95 per cent since the ma* 
chines run at all times under constant full load. The load 
factor of the average complete cement plant runs from 65 to 75 
per cent taken through the entire year and is probably the highest 
of any industry. 

The various kinds of machines that may be employed for 
the different processes in a cement mill may be grouped as 
follows: 

1. Elevator and conveying machinery for raw material. 

2. Crushers. 

Gyratory Jaw Roll. 

3. Intermediate crushers 

Roll Hammer mills. 

4. Rotary Dryers. 

5. Preliminary Grinding Machinery. 

Ball mills Rolls 

Ring-roll mills Huntington mills 

Hammer mills Griffin mills. 

Fuller mills 

Raymond mills. 

6. Finish Grinding Machinery. 

Tube mills 

Combination mills. 

7. Conveying Machinery for Finished Product. 

8. Rotary kilns. Coal feeding machinery. 

9. Cement Grinding Machinery. 

(a) Preliminary grinding 
Ball mills 

Rolls 

Griffin mills 
Ring roll mills. 

(b) Finish grinding 
Tube mills 
Ball peb mills 
Combination mills. 

10. Coal Grinding and Drying Machinery. Same class of machinery 
as used for raw material. 

ELEVATORS AND CONVEYERS 

Every cement plant requires a large number of elevators, 
and conveyers for handling the material between the various 
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steps ixi the process. One modern 3000-barrel plant, as an 
example, has 14 elevators, 2 belt conveyers and 8 screw con¬ 
veyers in its equipment. It is very important that these aux¬ 
iliaries be kept operating, as an accident to a conveyer or eleva¬ 
tor may shut down an entire department of the plant until 
repairs can be made. 

Various methods of driving this class of ’machinery have been 
installed in different mills. The chief difficulties are that the 
driving shafts run at extremely low speeds and that elevators 
must be driven from the top. The first necessitates a number 
of countershafts and belts or gears to give the necessary speed 
reduction and the second means that the driving motor, if 
individual drive is used, must often be located in an inaccessible 
place and in many cases be subjected to considerable vibration 
due to weak foundations. A very good method of drive which 
is sometimes applicable, especially in the case of crushers or" 
group drive of grinding machinery, is to belt the elevators and 
conveyers from a pulley on some part of the mill shafting or 
from a small pulley on the front end of the motor. 

Another method adopted in some plants is to group several 
elevators and conveyers on one motor, driving through counter¬ 
shafts and belts or chains. 

The third possibility is to put an individual motor on each 
conveyer and elevator. In applying individual motors to 
this class of work, however, there are certain points which 
should be borne in mind if trouble is to be avoided. The 
machinery is rather roughly built, especially bucket elevators 
and bucket and drag type conveyers. These usually consist 
of two parallel chains driven by rough cast or forged sprockets, 
and carrying the buckets between them. It sometimes happens 
that the chains will climb up on the teeth of the sprockets and 
throw heavy overload on the driving motor which may be 
enough to stall it. Screw conveyers occasionally wear their 
bearings down so far that the screw may rub against the trough 
for most of its length with consequent overload. These possi¬ 
bilities make it advisable, in the case of individual drive, always 
to install motors from 25 to 50 per cent larger than necessary 
to meet the average power demand. This is not true when 
group drive is used as it is very unlikely that more than one 
unit of the group would be subjected to overload at the same 
time and this would probably not affect the operation of the 
motor to any extent. At the same time, group drive has the 
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disadvantage or requiring more belts and countershafts and 
of the probability of crippling an entire department if an acci¬ 
dent happens to any unit or any part of the transmission. 

The lengths and types of elevators and conveyers differ so 
much with different plants that it is impossible to give a table 
which will be of much assistance in estimating the power re¬ 
quired, but the following test results will probably be of some 
service in such work. 


Screw conveyer on dry clay. 

Diameter. 

Pitch.. 

Length.... 

Speed of screw. 

Horse power. 

Screw conveyer on pulverized coal. 

Diameter.. 

Pitch..■. 

Length.. 

Speed of screw. 

Horse power. 

Belt conveyer on finished cement. 

- Width. 

Length.between centers 

Height material is lifted. 

Speed.. 

Horse power. 

Belt conveyer on crushed stone. 

Width.. 

Length.between centers 

Height material is lifted.. 

Speed.. 

Horse power about.. 

Elevator on crushed stone. 

Buckets..... 

Height material is elevated... 

Speed. 

Horse power. 


16 in. 

16 in. 

120 ft. 

65 rev. per min. 
5.5 

16 in. 

16 in. 

162 ft. 

55 rev. per min. 
3.7 

20 in. 

230 ft. 

40 ft. 

200 ft. per min. 
10-14 

20 in. 

135 ft. 

22 ft. 

211 ft. per min. 
5 

18 x 10 x 16 in. 
52 ft. 

83 ft. per min. 

3 to 5.5 


Elevator same as preceding except elevating to 60 feet in¬ 
stead of 52 feet. Horse power 2 to 3 (probably due to better 
lubrication.) 


Elevator on crushed stone. 

Buckets....r.. 48 x 8 x 12 in. 

Height material is raised. 62 ft. 

Speed. 95 ft. per min. 

Horse power.8 to 10 (occasional peaks above 15) 

The starting torque of elevators and conveyers is likely to 
be above normal running torque, but standard squirrel-cage 
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motors, if largo enough, to take care of the peak loads as men¬ 
tioned above, should have no difficulty in starting them. 

CRUSHERS 

All dry process cement mills require extensive crushing plants 
for their limestone cement rock. Three types of crusher are 
m common use for this work. Gyratory crushers are used 
more than any other, although those of the jaw type, or crush¬ 
ing rolls, are preferred in some cases. 

Gyratory Crusher. The gyratory crusher has a vertical shaft 
with a bearing at the top and bottom. The shaft is driven by 
a bevel gear and pinion at the lower end. The shaft is eccentric 
with respect to the bottom gear and journal so that the shaft 
gyrates as the gear revolves, the amount of side movement 
being a maximum at the bottom and a minimum at the top. 
Attached to this shaft is a conical crushing head of chilled iron 
or special steel, sometimes smooth and sometimes corrugated. 
The shell or mouth of the crusher surrounds the crushing head 
and is lined with special iron or steel plates. The shell is conical 
but inverted so that the distance between its surface and the 
crushing head is a maximum at the top and a minimum at the 
bottom. As the shaft rotates, its gyratory motion causes the 
head to alternately approach and recede from the shell so that 
the large pieces of rock which are fed in at the top are gradually 
broken up and fall lower and lower in the shell until the pieces are 
small enough to fall out through the space between the bottom 
of the head and shell on to a sloping diaphragm between the 
bottom of the shell and the driving gear, which directs the 
crushed pieces into the discharge spout. 

In all cement plant crushing, the problem is to reduce the 
rock from the size as it comes from the quarry down to a 
size small enough to pass an inch or a % inch ring. It has 
been found that it is better to divide this range into two steps 
instead of making the entire reduction in one machine. There¬ 
fore, in most crushing plants, the rock first passes through a large 
crusher which reduces it to three- or four-inch cubes, after 
which it is reduced to the required size (usually % to 1 inch) 
in smaller crushers. Occasionally, revolving screens are 
installed, to grade the material as it comes from the crusher, all 

that which will not pass through the screen being returned for 
further reduction. 

There is a considerable difference of opinion regarding the 
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si^e of the first crusher. The rock as it comes from the quarry 
is made up of pieces of various sizes ranging from small chips up to 
pieces three or four feet in diameter, the only limit being what 
can be handled by a steam shovel. The great majority of the 
pieces, however, are under 20 inches. Some cement manu¬ 
facturers install for the first crusher a machine large enough 
to take the largest pieces, while others use a crusher large enough 
for the average size and break up the extremely large pieces 
with dynamite before taking them to the crusher house. The 
advantage of the first method is that it eliminates this dynamit¬ 
ing, thus saving labor and expense in the quarry. Its disad¬ 
vantage is that a crusher large enough to take care of the few 
exceptionally large pieces will probably have a much greater 
capacity than necessary so that it will be idle a great deal of the 
time, and will represent considerably more investment than a 
smaller machine, as well as a greater consumption of power. 

The size of the crushers is designated by an arbitrary number. 
Practically the same system is used by the different manufactur¬ 
ers, so that a No. 8 crusher, for instance, is about the same size- 
capacity, etc., whether one make or another; Table 1 is there¬ 
fore approximately correct for all makes. As a No. 3 crusher 
is the smallest which is likely to be used in any cement plant, 
data are omitted on number 0, 1 and 2. 


TABLE 1. 

Power Requirements of Gyratory Crushers. 


Makers No. 

Size of opening on 
each side of top 
bearing arms 

Size cube which 
can be crushed 

Horse power 

3 

7 X 28 

7 

10- 20 

4 

8 X 34 

8 

15- 25 

5 

10 X 40 

10 

20- 35 

6 

12 X 44 

12 

25- 40 

7-K 

15 X 55 

15 

50- 70 

8 

18 X 68 

18 

65-100 

9 

21 X 76 

21 

100-140 

10 

24 X 99 

24 

125-175 

18 


36 

150-200 

21 


42 

150-200 

24 


48 

175-225 

27 


54 

200-250 


The horse power figures given in Table 1 must be used with 
discretion because there are a number of factors which affect 
the power required by crushers. Chief among these are the hard¬ 
ness of the material to be crushed and the method of feeding. 
On soft rock or shale the power will be lower than when crushing 
very hard stone, the difference being about as indicated by the 
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two limiting powers in the above table. When crushers are 
fed intermittently as for example the very large crushers which 
take the material when it first comes from the quarry and which 
are of such great capacity that they can run a small carload of 
rock through in less than a minute, after which they may run 
light for several minutes, the driving motor can be somewhat 
smaller than for crushers of the same size fed from bins where 
the power is more nearly continuous. It is the usual experience 
that crushers are “over motored”, and the horse power data 
given in the above table are more likely to be high than low. 

Belt drive is used almost exclusively, an incidental advantage 
being that the belts afford some protection against damage in 



TIME IN MINUTES 


Fig. 3—Tests on Three No. 5 Crushers—Each Driven by 25 
Horsepower 600 Rev. per min. ‘ 

Ay Crusher with Corrugated Head—134 in. Product 

- By “ “ “ “ -134 IN. “ 

Cy “ “ Smooth “ —1 in. “ 

case pieces of iron etc., get into the rock accidentally. Installa¬ 
tions seem to be about evenly divided between those using 
individual motors and those in which the entire crushing plant 
including possibly three or four crushers with their elevators 
and conveyers are driven in a group from one large motor. 

The starting torque required by a gyratory crusher is small 
unless it is accidentally stopped with material in it, in which 
case, it is usually necessary to dig it out before it can be started. 

Typical load curves on crushers are shown in Figs. 3 and 4. 
The former illustrates the difference that may exist between 
the power required by crushers of the same size due to the quality 
of the material. 
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Jaw Crushers 

In jaw crushers of the Blake type the crushing takes place 
between the two jaws set at an acute vertical angle, one fixed 
and one movable; the feed opening at the top being greater than 
the discharge at the bottom, gravity brings the material into 
the crushing zone and discharges it when crushed. The movable 
jaw is suspended from the top of the crusher frame and is given 
a reciprocating motion by means of an eccentrically operated 
vertical pitman and a pair of toggle plates. 

The most favorable condition for jaw crushers is obtained 
when the ratio of size of feed to product does not exceed 6 to 1. 
When this ratio is exceeded, the efficiency of the crusher is greatly 
decreased, and an increase in the power requirement will be 
noted. With a ratio of 6 to 1, the power requirement remains 
practically constant whether the reduction is from 18 in. to 3 in., 



Fig. 4—Power Required to Drive Mammoth Crushers while 
Crushing One Carload of Rock—Feed Average Size from Quarry 
—Reduces to 4 in.-5 in. Size 


or from 6 in. to 1 in. The amount of material crushed, however, 
will be in proportion to the width of the discharge opening, 
i. e. } when reducing from 18 in. to 3 in., the crusher will handle 
approximately three times as much material as when reducing 
from 6 in. to 1 in., all other things such as size of feed openings, 
speed, etc. remaining constant. Any increase or decrease within 
certain limits in the speed of the crusher will increase or decrease 
the volume of material handled and the power required. 

The power required to operate any given size of jaw crusher, 
depends on the power required to operate the crusher when 
running idle and the power required to do the work of crushing 
the material. 

Consider these in the order as given above: The power re¬ 
quired to operate a crusher when it is running idle is due prin¬ 
cipally to friction, and this will vary considerably for different 
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sizes, speeds and makes of machines. When figuring the 
requirements of a jaw crusher, it would be preferable to o°^ 
the friction of the crusher direct from the manufacturer. 

For the Blake crusher, there is one theoretically correct SP* 
based on the law of gravity. The time period of the stroke of 1 
movable jaw must not exceed the rate of movement of the xO- 


ial due to gravity. Therefore, 
for all sizes of crushers, but it is 
obvious that there is a mechani¬ 
cal limitation when a certain 
size of crusher is reached that 
will necessitate the use of a lower 
speed. 



there is one theoretical sp t 



Pig. 6 

This curve is drawn on the assutnpt 
that the size of the product will never 1 
less than 1 inch and that the reduct 
will never be more than 6 to 1. 


An approximation of the power required to operate & 
crusher when it is doing no work is 
pm = 0.016 X b X w 

where 

p m = horse power 

b = breadth of opening of jaws in inches. See Fig. 5 
w = width of opening of jaws in inches. See Fig. & 
Power required to crush the material. 

The amount of material M passed by the crusher is* 

j, * _ sb (2d ”f - s) R 

57.6 tan. <fi 

Where M = cubic feet of material per hour. 

s = stroke in inches measured at the throat of crush e 
See Fig. 5 


*Wiard, “Theory and Practise of Ore Dressing.” 
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d = average distance in inches between the fixed and 
movable jaws and the minimum and maximum 
position of the swing jaw as measured at the throat 
of the crusher. See Fig. 5. 

b = breadth in inches at opening of jaws. See Fig. 

R = revolutions per minute. 

The angle cf) varies for different makes of crushers from 20 deg. 
to 26 deg. 

The above formula gives the theoretical capacity and is the 
one used in figuring the power requirements. In order to obtain 
the actual capacity, the theoretical capacity should be divided 
by 1.6. This is on account of irregularity in feed, hardness 
of material, size of material, etc. 

In the smaller sizes of crushers, where the breadth b is small 
and the stroke s is large, comparatively, it is found that the 
theoretical capacity M is as much as 3 34 times the actual capacity. 
This is due to the fact that these smaller sizes of crushers are 
very inefficient when compared to the larger sizes; this is found 
for example to be the case of the 10 in. x 7 in. machine as shown 
in Table 2. Therefore, the empirical formulas as herein given 
will not apply to these small crushers. 

Power required to crush the material (dry limestone) 
p c = p M 

where p c = horse power. 

p = take from curve—Fig. 6. 

It is assumed that the size of the product will never be less 
than one inch and that the reduction will never be more than 
6 to 1. 

The total power required to operate the crusher when doing 
work 

P — pm + pc 

Where P = horse power. 

The above formulas have reference only to the crushing of 
dry limestone. The weight of one cubic foot of broken dry 
limestone is approximately 100 lb. 

As the starting conditions are usually severe, the slip ring 
type of induction motor is invariably recommended to drive 
jaw crushers. 

Fairmount Crusher 

Many of the more recent crushing plants for cement works 
use the Fairmount type crusher. This machine consists of a 
single roll working against an anvil plate. The roll is provided 
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with knobs from two in. to three in. in height for crushing against 
the anvil plate and with sledging knobs from three in. to four in. 
in height for breaking the large pieces of stone on top of the roll, 
which are too large to be directly gripped between the roll and 
the anvil plate. These machines have a very large capacity 
when operating continuously, but are not objectionable for 
small capacity on account of their very low friction load when 
running idle. 

The Fairmount type crusher is built in sizes 24 X 36 in., 
24 X 48 in. and 24 X 60 in., also 36 X 60 in. and 60 X 84 in., 
in each case the size being referred to diameter and face of the 
roll. The size which has so far been used in cement plants is 
36 in. diameter by 60 in. face. This size of machine ordinarily 
requires a 150-h. p. motor to drive it and it has a capacity of 
from 200 to 500 tons per hour, depending upon the character of 
the material to be crushed. One of the particular advantages 
of the Fairmount type crusher is that it makes a very large 
reduction in one operation so that the number of secondary 
crushers is reduced and the product from the primary crusher 
being smaller can be much more easily handled into and out of 
storage bins. 

The starting torque required for the Fairmount crusher when 
idle, is very low so that squirrel-cage motors are often used. 
While it is not possible to start the crusher full of stone even 
with slip-ring type induction motor, the latter will give sufficient 
torque to start up the crusher without entirely cleaning it out, 
if it should happen to stop under load. Slip-ring type motors 
are therefore, recommended for this class of work. 

Crushing Rolls 

The most favorable condition for crushing rolls is obtained 
when the ratio of size of feed to product does not exceed 4 to 1. 
When this ratio is exceeded, the efficiency of the roll is greatly 
decreased and an increase in the power required will be noted. 
With the ratio of 4 to 1, the power requirement remains prac¬ 
tically constant whether the reduction is from 4 in. to 1 in. or 
from 1 in. to 34 hi. The amount of material crushed, however, 
will be in proportion to the size, i. e ., when reducing from 4 in. 

' to 1 in. the rolls will handle four times as much material as when 
reducing from 1 in. to 34 hi; all other things such as size of rolls, 
speed, etc., remaining constant. Any increase or decrease in 
the speed of the rolls will increase or decrease the quantity 
handled and the power required. 
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Due to irregularity of feed, variation in size and hardness of 
material, etc., it has been found that the power required is not 
steady but fluctuates as shown by Fig. 7 which is a power 
diagram of a 42 X 16-in. roll operating at 60 rev. per min. and 
reducing dry iron ore from a maximum of two inches to an aver¬ 
age of one-half inch, the average power being 13.18 h. p. 

Fig. 8 shows the relation existing between horse power per 
cubic foot per hour and different ratios of reduction assuming 
maximum size of feed material and average size of product, all 
friction of the rolls being neglected. This curve has been 
plotted as an average of points obtained from actual tests. It 
is to be noted, however, that while dry material has been rolled, 
most of the points indicate power readings taken while crushing 
iron ores, and that only one point refers to the rolling of dry 



Fig. 7 

limestone such as is used in the cement industry. As the iron 
ore is a harder substance than the limestone, it is reasonable to 
assume that the curve as drawn shows values slightly higher 
than would be obtained had more data been available on dry 
limestone. 

The friction of crushing rolls, that is, the power required to 
drive the rolls at their normal speed and without load, varies 
considerably for different sizes, speeds and makes of machines, 
but an approximate average is obtained from the following: 

Pi= 0.0835 (D + W) 
where . pi — horse power 

D - diameter of rolls in inches 
W “ face of rolls in inches. 

When figuring the power requirements of crushing rolls it is 
preferable to obtain the friction of the rolls direct from the 
manufacturers. 
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The amount of material passed by the rolls is 


M 


dXWXS 

144 


X 60 


where M — cubic feet of material per hour 

d = distance in inches from edge to edge of roll (See 
Fig- 9) 

W — face of rolls in inches 
5 = peripheral speed of rolls in feet per minute. 



ce p-HP. PER CUBIC FOOT PER HOUR 

Fig. 8 


The above formula gives 
the theoretical capacity and 
is the one used in figuring 
the power requirements. In 
order, however, to obtain the 
actual capacity, the theoreti¬ 
cal capacity should be divided 
by 4. This is on account of 
irregularity in feed, etc. 

The total power required to 
drive rolls for any different 
rolling condition is 

P= ( pXM) + p x 
where P = total horse power 
p = horse power per 
cubic ft. per hr. (Fig. 8) 



As the starting conditions are not severe, the squirrel-cage 
induction motor makes a suitable machine for driving the rolls, 
provided the conditions are such that this type of motor is con¬ 
nected to a source of power where line disturbances are not 
objectionable. If line disturbances are objectionable, the slip¬ 
ring type of induction motor should be used. When shutting 
down the mill, the usual procedure is to first cut off the feed to 
the rolls, allowing same to empty themselves, before closing 
down the motor. No difficulty, however, is likely to be exper- 
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ienced with the squirrel-cage type of motor, if called upon to 
start the rolls when full of material and with the feed open, as 
even under these conditions the starting requirement is not 
severe. 

Intermediate Crushers 

Hammer Mills. These machines are made in several styles 
but all make use of the same principle, namely, the use of ham¬ 
mers revolving at high speed and abrading the material against 
a slotted iron casing. Unlike the crushing rolls, where a reduc¬ 
tion not exceeding 4 to 1 is most favorable, the hammer mill is 
used for reducing material of from 2)4 to 1 i n - to 20 mesh or less, 
the maximum reduction in this case being 76 to 1. As the 
power required to drive this type of mill varies considerably, 
due to irregularity in feed, it is most important that this remain 
steady and therefore a feed regulator is highly desirable. In 
addition to this, any variation in the size and hardness of ma¬ 
terial, provided the feed remains fairly constant, will also cause 
power fluctuations which will however be within reasonable 
limits. 

There is very little general power data available on hammer 
mills other than for a specific manufacturer’s type, trade size 
and specific speed or speeds. The latter are supposed to be 
the most efficient speeds at which the particular mill should oper¬ 
ate. A general rule gained by experience indicates that in order 
to crush one ton of dry limestone in one hour, reducing from a 
maximum size of 2)4 in. to 20 mesh, requires six to seven horse 
power. This would be the output of a motor and would include 
the friction load, in addition to the crushing load, of the mill. 
The actual capacity of any mill is proportional to the size of the 
product and to some extent to the character of the feed so that 
for different sizes of product on any given mill, the power re¬ 
quirements will be different. 

Sturtevant Hammer Mills are of two types known respectively 
as hinged hammer and hammer bar mills. The hinged hammer 
mills are of the general type noted above under this class. The 
bar hammer mill differs in that there is only one set of hammers 
instead of six or more and the hammers themselves have an 
axial length the full width of the rotating spider which carries 
them. Both mills take material in pieces from 5 to 6 in. wide. 
The hinged hammer mill reduces from one inch to 20 mesh 
and finer.. It is built in three sizes and operates at a speed of 
1000 to 1500 rev. per min. The hammer bar mill is built in two 
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sizes and reduces from % in. to 20 mesh. A belted wound-rotor 
motor is the preferred application. Squirrel-cage motors have, 
however, proved satisfactory, particularly if used when line 
disturbances at starting are not objectionable. In any case, 
if a mill is shut down it will have to be clear of material before 
started again. 

Hammer bar mills are made in two sizes, No. 0 and No. 1. 
The No. 0 mill will handle from 13^ to 4 tons per hour, depending 
on material, and requires from 8 to 10 h. p. The No. 1 handles 
from 4 to 12 tons per hour and takes 20 to 25 h. p. 

Hinged hammer mills are made in three sizes 30 by 12 in., 
30 by 18 in. and 30 x 24 in. The power varies widely with the 
material. The 30 x 12-in. machine, for example, might take 
a maximum of 30 h. p. or a minimum of 10 h. p. The wider 
machines take increased power in proportion to the width. 


TABLE 3. 

Power Requirements of Hammer Mills. 
(Allis-Chalmers) 


Trade size 

Rev. per min. 

Hammer circle 

Face 

H. p. 

No. 1 

1800 

24 in. 

9 in. 

15 

“ 2 

1200 

30 “ 

12 “ 

30 to 40 

" 4 

1200 

42 “ 

24 “ 

75 to 90 


The above requirements are based on crushing dry limestone, 
reducing from a maximum size of 2 3^ in. to 20 mesh with a con¬ 
stant feed of material best suited to the particular mill. 

Williams' Jumbo Crusher. The machine of this make used 
for intermediate crushing is usually the No. 6 size. It takes 
stone three inches in size and under and reduces it to K inch and 
finer. The capacity is 60 to 65 tons per hour, and the motor 
required is 150 h. p. The mill operates at from 720 to 750 rev. 
per min. It prepares material for some one of the various finish¬ 
ing mills. 

Vulcanite Crushers. (Williams). The Vulcanite crushers are 
also swing hammer mills. They are built in eight sizes having 
capacities from two tons per hour at %-inoh size up to 50 tons 
per hour at 3^-inch size. The standard unit generally employed 
for cement work is No. 3. This takes material up to three 
inches and reduces it to }4rinch. for feeding ring roll mills. It 
handles 15 to 18 tons per hour, operates at a speed of 1000 rev. 
per min. and requires 50 h. p. „ 
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Universal Grinder (Williams). This is termed a tube mill 
feeder as it will take limestone 2 inches and under after passing 
through the dryers and reduce it to a product, 95 per cent of 
which will pass a 20 mesh sieve. These are built in ten sizes, 
the two most commonly used in cement plants being the No. 3 
and the No. 9. The No. 3 handles from 8 to 10 tons per hour 
under the above conditions, requires from 50 to 60 h. p., and should 
operate at a speed of 1100 rev. per min. The No. 9 size, used 
in plants requiring very large units, handles from 25 to 30 tons 
per hour, requires 175 to 200 h. p., and operates at a speed of 
720 rev. per min. Wound rotor induction motors are the best 
application on all three mills. The preferred method of drive 
is by motor direct connected through a flexible coupling. 

Sturtevant Rotary Crushers. This type of rotary crusher 
operates on the principle of the old fashioned coffee mill. It 

TABLE 4. 


Power Requirements of Rotary Crushers. 


Machine size 

Approx, capacity 
in tons per hour 

Rev. per min. 

1 

Approx, h. p. i 

00 

1 to IK 

300 

1 to 2 

0 

K to 2 

250 

3 to 4 

1 

1 to 6 

300 

6 to 10 

IK 

4 to 10 

200 

15 

2 

8 to 15 

250 

15 to 20 


is shaped like an hour-glass or double cone, one cone mounted 
and reversed on the other. The coarse material is introduced 
at the top and is acted upon by a rotating cylindrical member 
which exerts a continual nipping action on the rock since the 
diameter of the stationary cone decreases as the material falls 
toward the center. Below the center the material is ground or 
shredded by the usual mill stone action. The lower portion of 
the rotating member is cone-shaped and so arranged as to leave 
a tapering annular space decreasing in size toward the bottom. 
As the material proceeds by gravity toward the bottom, it is 
ground and reduced in the annular space by the action of the 
rotating cone against the stationary one. Both these members 
are faced with hardened steel burrs or grinding members. These 
crushers are intended for moderately hard or soft rocks but are 
not used for hard cutting substances. They crush large rocks 
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to approximately }/% inch without screens in the smallest sizes 
and as coarse as 1 inch in other sizes. Their sizes, outputs and 
power requirements are as shown in Table 4. 

A wound-rotor induction motor is the preferred application 
for these crushers but a squirrel-cage motor can handle them if 
designed with considerable margin in starting torque. . 

Rotary Dryers 

Dryers are used to dry the crushed limestone which contains 
a considerable amount of moisture that must be driven out 
before the grinding operation can be performed. They are also 
used for the same reason, for drying the clay and coal. The 
dryer consists of a large revolving cylinder which is sufficiently 
inclined to roll the contents through by gravity. It is heated 
either by oil, natural gas, or by the waste gases taken from the 

kilns. 

Auxiliary machinery necessary for the dryer, are fans and 
conveyers, and usually this auxiliary machinery is considered 
as integral parts of the dryer, and is driven by the same motor. 
For a fixed rate of feed the load is constant and as a rule the 
dryers are operated at a given predetermined speed; therefore, 
squirrel-cage motors are satisfactory for this kind of service. 
Squirrel-cage motors with 125 per cent to 175 per cent starting 
torque, are suitable. 

Approximate horse power requirements are as follows: 

Size of dryer Horse Power Recommended speed of motor. 

6 ft. x 60 ft. 12 700 to 1200 

6}^ ft. x 60 ft. 15 700 to 1200 

On some particular installations, the following was found. 
A dryer 6 ft. in diameter 45 ft. length, 9 rev. per min., con¬ 
nected to a 24-in. x 50-ft. horizontal pan conveyer and to a 
14 in. x 35-ft. bucket elevator, required a 30 h. p. motor. A 
7-ft. x 60-ft. dryer for rock crusher, connected to a 20 in. x 45-ft. 
inclined conveyer, and 16 in. x 40-ft. elevator, required 40 h. p. 

Ordinarily, dryers of 5-ft. diameter and 50- to 60-ft. length, 
revolving at 3 to 5 rev. per min., were found to require between 
10 and 20 h. p. 

PRELIMINARY GRINDING MACHINERY 

: Ball Mills. The ball mill consists principally of a revolving 
horizontal cylinder lined with overlapping iron plates and con¬ 
taining a charge of steel balls. For the first charge, balls of 
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3}^, 4 and 5 inches diameter are supplied, but under running 
conditions only the largest size are added from time to time to 
maintain the charge. These mills will take material up to 6 
inches in size. The material as ground falls through perforations 
in the iron plates to the cylindrical screen or hopper which 
surrounds the mill, and the oversize rock falls back through the 
same perforations to the grinding plates. The fine product is 
removed by a conveyer below the machine and is generally of 
such fineness that all will pass a 20 to 30 mesh. When pulveriz¬ 
ing to pass all through a 20 mesh, from 30 to 40 per cent will 
pass a 100 mesh sieve. 

Ball mills are low-speed machines generally running from 20 
to 25 rev. per min. The charge of balls revolving at this speed 
causes very severe vibration in the gearing, and motors geared 


TABLE 5. 

Power Requirements of Ball Mills. 


Make 

Weight of 
charge 
lb. 

Capacity on 
cement clinker 
bbl. per hr. 

H. p. 
req’d. 

Gates No. 7 .. 

3,000 

12-16 

30- 40 

“ "8 .. 

4,500 

18-24 

40- 50 

Smidth (Kominuter) No. 53-K. 

3,000 


30 

“ " “66.. 

6,600 


75 

" "88.. 


4 U 

100 

Krupp No. 7 . 

3 520 

io_i A 

JL \J\J 

on q c 

* “ 8 . 

4,400 

JL v 

16-22 

OLr- Op 

35- 45 

Chalmers & Williams. 

10,000 

60-70 

100-125 


to their countershaft have proved unsatisfactory. Belted 
motors or low-speed motors for direct connection to the counter¬ 
shaft through flexible couplings give entire satisfaction. When 
starting, the charge of balls and stone must be rotated through 
nearly 90 deg. before it begins to roll, and the motor torque 
required at starting varies from 1% to 2 times full-load torque. 
Squirrel-cage a-c. motors specially designed for this high starting 
torque have been successfully applied but they have a lower 
efficiency than wound-rotor motors and make a large current 
demand at starting. The same starting conditions are found 
in tube mills and as the size of these has steadily increased of 
late years, and as the power required has also increased with the 
use of metallic grinding bodies in the mills, there has been a 
gradual change to the use of wound-rotor motors in place of the 
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high-torque squirrel-cage motor. Many of the latest mills are 
using wound-rotor motors for these grinders of large capacity 
and the saving in power due to increased efficiency, together 
with better performance at starting, warrants their use in pref¬ 
erence to the squirrel-cage type. Table 5 indicates the power 
requirement for a few typical ball mills. 

Hammer Mills . These mills which have been described above 
are used for preliminary grinding as well as for crushing. 

Ring-Roll Mills 

There are a number of different mills that may be classed 
generally as ring-roH. In these, the material is crushed by 
means of a ring or large balls rolling inside and against the ring 
or die. In some types this ring rolls also. There is enough 
difference in mechanical construction to require a brief explana¬ 
tion of each mill. Under this general type are classified the 
Kent mill, Griffin mill, Fuller mill, Bonnot mill, Raymond mill, 
Sturtevant Ring-Roll mill, Huntington mill and others. . 

These different types of mills are used in many combinations 
depending on the material and the locality in which they are 
employed. An analysis of about fifteen mills shows that ball 
mills are widely used as intermediate grinders taking material 
from the crushers on the raw side and the kilns on the clinker 
side and reducing it to a suitable fineness for feeding tube mills. 
In another combination the ball mills are replaced by ring-roll 
mills. Another combination uses hammer-mills to reduce the 
material to 34 inch and smaller, after which it is crushed in 
ring-roll mills. In other plants the entire operation of grinding 
the clinker in the finishing mill is performed by ring-roll mills. 

Fuller Mill Three sizes of this mill are manufactured— 
33-inch, 42-inch and 57-inch. The smallest mill is best adapted 
for use on coal or similar materials while the two larger machines 
are adapted either to coal or harder material such as limestone, 
rock or cement clinker. This mill accomplishes both inter¬ 
mediate and fine grinding in one operation. It takes material 
up to 54 inch in size and reduces it to a fineness of 85 per cent 
through a 200 mesh sieve. The mill is vertical in construction 
and the grinding is done by four chilled unattached balls rolling 
against a circular horizontal die. The balls are propelled by 
four equi-distant horizontal arms or pushers radiating from the 
vertical shaft. The shaft is driven at such a speed as to cause 
the balk t'9 a pressure against the die of approximately 
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1600 pounds. The material is fed in at the top of the mill by a 
screw and enters the pulverizing zone. By means of fans and 
screws the material is removed as soon as it has reached the 
proper degree of fineness. The driving pulley is mounted at the 
bottom. Squirrel-cage induction motors are used very satis¬ 
factorily to drive these mills through belts running in a vertical 

plane. Special vertical motors have been developed for this 
application. 

The output of these mills and the power required to operate 
them depends upon the weight and hardness of the material 
being pulverized and the fineness of finished product desired. 
On the 33-in. mill the output will vary from two tons per hour 
when grinding hard material, to four tons per hour when grinding 
soft material. The power will approximate 45 h. p. for hard 
material and 25 h. p. for soft material. The above figures are 
based on grinding to 100 mesh. On the 42-inch mill the output 
will vary from 4 to 10 tons per hour from hard to soft material, 
and the horse power will vary from 75 to 45 when grinding to 

The 57-inch mill when grinding raw cement material consisting 
of limestone and shale or clay or cement rock has a capacity of 
from 9 to 12 tons per hour and requires from 110 to 125 h. p. 
The same mill when pulverizing cement clinkers has a capacity 
of from 500 to 600 barrels per day and requires from 135 to 150 
h. p. The performance of the 57-inch mill is based on grinding 
to 85 per cent through a 200 mesh sieve. 

b ^ should be borne in mind that the power required for the 
different machines as given in this paper represent average 
performances. It is possible under certain conditions to crowd 
all these machines thereby increasing their output and also 
increasing the power consumed so that specific instances are no 
doubt known to all engineers interested where the figures are 
somewhat higher than here given. These are matters that take 
care of themselves in practise. 

Kent Mill. The Kent mill consists principally of a revolving 
ring and three rolls pressing against its inner face. The rolls 
are convex and the ring is concave and tracks on the rolls. 
Springs support the rolls yieldingly and the rolls support the 
ring so that the four crushing parts are free to move. The 
material falls from the inlets onto the inner face of the ring, and 
centrifugal force holds it there in a layer an inch deep as it 
passes under the rolls. The latter are pressed by the springs 
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outwardly against the rock or the ring with a pressure adjustable 
t° 2*0,000 pounds, the adjustment being accomplished by means 
of tlie screws against the springs. As the rolls pass over the 
rock they crush it against the ring, while the crushed rock falls 
off each side of the ring into thecasing and then into the discharge. 
It is claim ed that 90 per cent of the rock is abraded on itself in 
cr Ushing so that the wear on the parts of the machine is mater¬ 
ially decreased. 

'The torque required to start this mill does not exceed full-load 
torque, since the moving parts are comparatively light and there 
is only a small amount of rock in the machine at a time. The 
Pull-out torque of the motor supplied should be comparatively 
high, as large pieces of rock passing between the rolls and ring 
will cause severe momentary overloads. 

In order to obtain a fine and uniform product, the ground 
material is usually elevated from the discharge to a screen or 
separator above the mill and the oversize is returned to the feed. 
The elevator and separator will add from 7}4 to 10 h. p. to the 
figures given below for the mill alone. The feed should prefer- 
ably pass through a one-inch ring but anything up to two inches 
can be handled. The finished product will all pass a 20 mesh. 

These mill s are made in three sizes known as the Kent mill, 
the “Maxecon” and the “Big Maxecon” mill. Their capacity 
depends on the hardness of the material and the fineness to 
which it is ground. Round approximations might be 25 barrels 
per hour for the Kent, 35 for Maxecon and 50 for Big Maxecon. 
These mills operate at 200 rev. per min. and the usual sizes of 
motors are 30, 40 and 50 h. p. for the Kent, Maxecon and Big 
Maxecon respectively. When grinding clinker one h. p. per 
barrel is the average power consumption to pass 20 mesh; also 
the product will approximate 50 per cent through 100 mesh and 
35 per cent through 200 mesh. 

Raw rock varies so in hardness that capacities range from 7 
to 16 tons per hour, and power estimates from five h. p. per ton 
for the hardest to three h. p. for the softest. 

Sturtevant Ring-Roll Mill. This ring-roll pulverizer consists 
of a. steel anvil ring or die secured in a head supported and re¬ 
volved by a horizontal shaft. Against the inner face of this 
ring the three hammer rolls are equally and elastically pressed 
with great force and revolved by the ring. Substances to be 
ground are fed to the anvil face of the rotating ring and held 
thereto by centrifugal force and are crushed by being drawn 
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under the rolls, as the ring revolves. The face of the anvil ring 
is concave and the rolls convex, thereby crowding the material 
as it is finished to the outside edges of the ring. These mills 
may be used with elevator and separator, thus securing very 
uniform product. They take material up to l^-inch size and 
reduce it to a fineness varying from y 8 inch to 100 mesh or finer. 
They are usually employed as a preliminary pulverizer rather 
than a finishing mill for cement work. As is the case in mills of 
this type, the operation of crushing is largely performed by 
abrading the rock on itself so that the wear on the mill parts is 
reduced. These mills are made in fiye sizes; three sizes of 
single mills and two of duplex mills which are a double unit. 
Table 6 gives the sizes, horse power and speed. Regarding the 
output, the manufacturers furnish this on request, since it varies 
widely with the nature and conditions of the material handled. 
As an illustration the following figures are cited for the No. 2 
duplex mill. Grinding cement clinker to 20 mesh, 80 to 100 
barrels per hour, and to 80 mesh, 30 to 40 barrels per hour. 

Grinding limestone to 20 mesh, 16 to 20 tons per hour; and to 80 
mesh, 8 to 14 tons per hour. 



Size 


0 

1 

2 

No. 1 Duplex 
No. 2 Duplex 


Pulley speed 
rev. per min. 


125 

320 

300 

375 

325 


Ring speed 
rev. per min. 


Approx, 
h. p. 


125 

80 

63 
80 

64 


8 to 12 
15 to 20 
35 to 45 
30 to 40 
70 to 90 


mill* 16 sepa ^ ator ^ use d a dd about 8 h. p. per single 

fti. « the preferred type for 

meStafS, ff • T! ?, rin f 011 mffl is a verti o»l shaft 

°T r?‘ der from the o' which are 
p nded four spindles. These spindles carrv at their lower 

end a heavy homontal crushing roll. The rotation of the ZZ 
shaft causes these crushing spindles to swing out by centrifugal 
action and roll against a ring die. The material i? wi , 

this die and crushed by the rolls. 1 18 ^ against 

These mills are made in four sizes, but the largest size is 
y Sending. The other three sizes are 3 % ft., 
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5 ft., and 6 ft. and require 5, 8, and 10 h. p. respectively. This 
mill is a preliminary pulverizer and not a finishing mill. A 
belted squirrel-cage motor is a satisfactory application. 

Bonnot Mill. This ring-roll type of mill employs air separa¬ 
tion of the material. The driving shaft is horizontal and the 
grinding ring or die is held in a vertical plane in the main frame. 
The rolls are carried by a head or driver mounted on the main 
shaft and are free to be thrown outward by centrifugal force, 
thus furnishing the crushing pressure. The material thrown 
upward into the screening chamber by the motion of the grinding 
parts is deflected against the screen by the blades of a fan. The 
coarse material strikes a baffle and falls fack into the grinding 
chamber while the fine material passes through a screen and 
drops through passages into the conveyer. The 36-inch size is 
used for cement; it operates at 180 rev. per min. and requires 
75 h. p. It takes pieces up to two-inch size and when working 
on clinker will handle 13 to 16 barrels per hour of which 96 per 
cent will pass 100 mesh and 77 per cent 200 mesh. It will be 
seen from this that it is a finishing mill as well as a preliminary 
grinder. When grinding raw material and fed through % -in. 
grate it will handle 4 to 5 tons per hour, 97 per cent through 100 
mesh. A squirrel-cage a-c. motor is the preferred application. 

Griffin Mill. This mill employs in its construction the 
principle of a roll running against a ring or die. Power is re¬ 
ceived by a pulley running horizontally, from which, by means 
of a universal joint, a shaft is suspended in pendulum fashion. 
To the lower extremity of this shaft is rigidly secured the crush¬ 
ing roll which is thus free to swing in any direction within the 
case. The base or pan contains the ring against which the 
roll works and upon the inner surface of which the pulverizing 
is done. On the bottom of the roll are shoes for stirring up 
the material and throwing it against the ring, and above the 
roll are attached blowers for blowing the fine material through 
the screen which surrounds the base. When at rest the roll 
hangs vertically beneath the driving shaft, but when revolved 
it flies out to the die ring and travels around in a direction 
opposite to that of the driving pulley. There is a pressure 
of approximately 6000 lb. due to centrifugal force brought to 
bear on the material being pulverized between the roll and the 
die. These mills are manufactured in three forms known as 
the '‘Bradley Hercules / 1 the "Bradley 3-Roll and the Giant 
Griffin” mill. The Bradley Hercules takes material two inches 
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and under and reduces it to a fineness of 53 per cent through 
a 100 mesh screen at the rate of from 40 to 50 tons per hour, 
using about 250 h. p. in the operation. When used as a pre¬ 
liminary grinder of cement clinker it has an output of from 
150 to 175 barrels per hour and requires 250 h. p. to drive. 

The Giant Griffin mill has an output when grinding clinker 
of from 25 to 30 barrels per hour to a fineness of 60 per cent 
through a 100 mesh screen. It takes material % inch and 
under for feed and when operating to full capacity requires 
about 80 h. p. This mill is a very efficient preliminary machine 
on account of the high percentage of fineness and has 'sometimes 
been used as a finishing mill. 

The 3-roll mill in theory is similar to the Griffin, but em¬ 
ploys three rolls instead of one. A squirrel-cage a-c. motor 
is the preferred application for these mills except the Hercules 
which is better equipped with a phase-wound-rotor motor on 
account of the starting conditions on so large a unit. 

Raymond Mill . This mill performs the operations of pre¬ 
liminary grinding and finishing in one process. The grinding 
ring is mounted in a horizontal plane and the grinding is per¬ 
formed on its inner surface by means of rolls suspended from 
a rotating driving head or spider. There are two, three, four, 
or five of these rollers, depending on the size of the mill. A 
prominent feature of this mill is the system of air separation 
employed. When handling raw material the mill will handle 
about one ton per hour per roll, e. g., the 4-roll and 5-roll mills 
will handle four and five tons per hour respectively from a size 
of inch to 1 34 inches to a fineness of 95 per cent to 98 per 
cent through a 100 mesh sieve. There are six sizes in all called 
two-roller mill, three-roller mill, four-roller mill (low side or 
high side), and five-roller mill (low side or high side). The 
power consumption is given as follows: 


2 rolls, 45 to 50 h. p. 


3 rolls, 55 to 60 h. p. 


4 “ 75 to 80 h* P- 5 u 85 to 90 h. p. 

... 6 d yf g motor ls belted - A squirrel-cage induction motor 
with good starting characteristics is the preferred application. 

. Em ^k Ball Pulverizer. This is a vertical mill and the crush- 

“f IZu f0U ^ ° r il five 12 " inch 0r 14 ‘ inch steel balls which 
bllk prfr t r f “ and against a grinding race. These 

separated^Tv ° r , splder which kee PS them properly 

XTT d f I h A C , fUgal force set U P in the balls by the 
rotation of the driving head causes them to exert great pressure 
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against the grinding race, thereby crushing and abrading the- 
material in the mill. The mill is arranged with five 12-inch, 
four 14-inch, or five 14-inch balls. This mill may be used either 
as a preliminary grinder or as a finishing mill. When used as 
a finishing mill it is equipped with an air separator and will 
reduce from inch an d under to 95 per cent to 98 per cent 
through 100 mesh and 80 per cent to 90 per cent through 200 mesh. 
On raw material or coal it will handle six to eight tons per hour 
and clinker 12 to 20 barrels of finished cement per hour. The 
mill operates at 90 to 130 rev. per min. and requires 35 to 60 h. p. 
A belted squirrel-cage motor is the proper application either 
vertical or with a quarter-turn belt. 

Symons Disk Crusher. This crusher is of a special type in 
which the crushing is done by two dish-shaped disks mounted 
on horizontal shafts which are separate but one of which gyrates 
slightly with respect to the other. The two disks are set with 
their concave sides facing each other and are rotated in the same 
direction at the same speed. This results in the hollow between 
the two disks having a wider opening between their edges at one 
part of a revolution than on another. This progressive pinch¬ 
ing action admits a piece of coarse material at one side and as 
the disks rotate they approach one another thus crushing the 
material which is then thrown out through the opening between 
the edges of the disks if it is reduced to the proper fineness; if 
not, the process is repeated.- 

A wide range of adjustment is provided by changing the 
distance between the crushing disks. These crushers are made 
in four sizes as given in Table 7. A squirrel-cage motor with 
a maximum starting torque of 1 l A to 1 % full-load torque is 
satisfactory on this application. 

TABLE 7 


Power Requirements of Disk Crushers. 


Size of crusher . 

18 inch 

24 inch 

36 inch 

48 inch 

Size of material fed . 

VA * 

2 y 2 “ 

3 K “ 

6K “ 

Size to which reduced. 

H * 

K “ 

H “ 

1 

Tons per hour. 

5 to 8 

12 to 15 

25 to 30 

45 to 60 

H. p. required. 

12 to 18 

18 to 25 

30 to 40 

50 to 65 


Such material is too coarse to finish in tube mills, but could 
be handled by some of the types of ring roll finishing mills 
described in this paper. 
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FINISHING GRINDING MACHINERY 
Tube Mills 

For the fine grinding of limestone or clinker, the tube mill 
is used extensively, both wet and dry. The usual form is that 
of a rotating cylinder and the grinding is done by attrition or 
by the rubbing together of the grinding medium and the ma terial 
to be ground. The mill is generally filled to about the center 
line, and the grinding medium, or charge, as it is usually called, 
consists of either flint pebbles, cast iron balls, or forged steel 
balls, etc., depending on the design of the mill and the compara- 




PLAIN TUBE MILLS WITH FLINT PEBBLES. 

Operating in Portland Cement Plants with 20 Mesh Feed and Grinding, to 95% through 
_ 100 mesh and 80% through 200 mesh. 


Size 

of 

Mill 


3 ft. 6in. 
X 20 ft. 

4 ft. 0 in. 
X 20 ft. 

4 ft. 6 in. 
X 22 ft. 

5 ft. 0 in 
X 22 ft. 

5 ft. 6 in. 
X 22 ft. 

6 ft. 0 in 
X 22 ft. 

7 ft. 0 in. 
X 22 ft. 


50 
64 
80 
117 
157 
192 

280 

res ; 
line of the mill. 


Capacity on 
raw material 


2000-lb. 
tons 
pei 
24 hr. 


666-lb. 
bbl. 
per 
24 hr. 


150 

192 

240 

350 

470 

575 

840 


Capacity 
on clinker 


380-lb. 
bbl. 
per 
24 hr. 


120 to 
144 

192 

240 

350 

480 

575 

815 


Horse power 


to 

start 


60 

70 

85 

120 

150 

185 

250 


to 

run 


35 to 40 
45 to 48 
55 to 60 
75 to 80 
95 to 100 
115 to 125 
160 to 175 


R.P.M. 

mill 

Initial 

charge 

pebbles 

40 

9,800 

35 

11,600 

31 

14,500 

28 

20,000 

26 

24 ,000 

24 

29,000 

20 

39,000 


tive costs of the various grinding mediums. There are several 
types of tube mills in commercial use, designated as follows: 

1. The plain tube mill using flint pebbles as a grinding medium. 

2. The. plain tube mill with ball-peb compartment. This 
type of mill has a partition located near the discharge end The 
large compartment on the feed end is charged with flint pebbles, 
while the small compartment on the discharge end is charged 
with cast iron or forged steel balls. 

3.. The ball-peb mill using cast iron or forged steel balls as 
a grinding medium. 
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4. The combination or compeb mill with a partition located 
near the feed end. The small compartment of the feed end is 
charged with large cast iron or forged steel balls while the large 
compartment on the discharge end is charged with small cast 
iron or forged steel balls. 

The power requirements of these different types of mills vary 
not only with the size of the mill, but also with the nature and 
amount of the charge used. Once the mill is started, the load 
is practically constant and only slight pulsations in power can 
be noticed. The power required to drive these mills has been 
determined from actual tests and refers to dry grinding condi¬ 
tions only. For wet grinding the power required is approxi¬ 
mately 30 per cent less than for dry grinding, other conditions 
r emainin g the same. The power requirements for the four 
types of mill s, as noted above, are as follows: 

1. The plain tube mill using flint pebbles—see Table 8. 

2. The plain tube mill with ball-peb compartment; add 20 
per cent to the power requirements of the plain tube mill using 
flint pebbles. 

3. The ball-peb mill; see Table 9. 

4. The combination or compeb mill; see Table 9. 

The most economical speed for any mill should be such that 
the bulk of the charge is carried to the highest possible point in 
the mill before falling and this without any of the charge or 
material being carried around by centrifugal force. This is 
approximately 

195 

s ~ vr 

where r = revolutions per minute. 

d = diameter of mill in inches, including the lining. 

On this basis of speed and for the dry grinding of limestone 
and clinker, the power required to drive any of these various 
types of mills may be approximated by the following: 

P = | [0.0034 (W+ W m ) ] -y- + 0.00015 w J X — 

where P = Horse power. 

W = Weight of charge of pebbles or balls in pounds. 

W m = Weight of the material being ground in mill. 
w = Weight of revolving elements of the mill in 
pounds. 
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5 = Theoretically correct speed in rev. per min. 

5 = Actual speed of mill in rev. per min. 

R = Distance in feet from center of mill to center of 
gravity of mass W + W m . 

r ~ Distance in feet from center of mill to center of 
gravity of mass W + W m . When mass comes 
to center line of mill, r — 0.0177 d. 

When a metallic grinding medium is used 
W m = 0.304 IT. 

This is based on one cubic foot of charge and material weighing 
314 pounds and consisting of 280 pounds of charge and 34 pounds 
of material. When a flint pebble medium is used W m = 0.121 IT. 
This is based on one cubic foot of charge and material weighing 
150 pounds and consisting of 115 pounds of charge and 35 pounds 
of material. In the above equation S should not vary more 
than 15 per cent above or below s. 

For operating ball mills both squirrel-cage and wound-rotor 
type motors are used. The tendency is towards the larger sizes 
of mills with metallic grinding bodies thus requiring much 
larger motors than was common a few years ago. These mills 
are rather difficult to start since in order to get them in motion 
the charge has to be lifted, and in the case of large squirrel-cage 
motors this causes a heavy current demand at low power factoi 
even when special high-torque motors are provided. Also in 
the larger motors the higher efficiency of the wound-rotor type 
is an item to be considered. Hence for the large mills wound- 
rotor motors are to be preferred. 

The tendency is also towards lower speed motors geared to 
the mills in place of the higher speed belt driven type previously 
used. In case of geared drive a flexible coupling should be 
provided on the motor as there is always considerable vibration 
present. The low-speed motor has the disadvantage of higher 
cost and lower power factor, but the saving in space, belting, 
etc. offsets these disadvantages to a large extent. 

There is a trend in some of the latest installations towards the 
use of synchronous motors for these mills especially where 
low-speed motors are used. In such applications it is necessary 
to provide a clutch so that the motor can be started light, but 
the well known advantages of the synchronous motor are such 
that it is probable their use for grinding in cement plants will, 
become much more common in the future than it has been 
heretofore. 
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Rotary Kilns 

For supplying rotary kilns powdered fuel is required in most 
cases and the crushing plant for this uses the same class of 
crushing and grinding machinery as has already been described 
for handling limestone and cement. 

The kiln itself is a long cylinder lined with fire brick, revolving 
on an inclined axis and fired from the lower end. The ma terial 
is introduced at the upper end and works its way through the 
kiln in from one to two hours. A speed variation is necessary 
on the kiln. Therefore either a squirrel-cage motor with speed 
change gearing or a wound-rotor motor with - resistance con¬ 
troller is required; the latter is preferred. The controller should 
be such as to permit 50 per cent speed reduction on full-load 
torque. Since the kiln radiates a large amount of heat it is 
preferable to place the motor below the floor or to install it in 


TABLE 10 

Power Requirements of Rotary Kilns. 


Size of kiln 

i 

> —.. ... . 

Rev. per min. 

H. p. 

1 

f 

| 6 X 60 ft. 

1 to 3 

5 to 7 

| 7 X 80 “ 

1 to 2 

8 to 12 

| 7X X 100 “ 

X to 1-K 

12 to 18 

| 8 X 120 “ 

X to 1 

15 to 20 

j 9 X 150 “ 

3 /s to X 

22 to 30 

• 10 x 170 “ 

X to X 

30 to 40 


such manner as to protect it as far as possible from the heat 
radiation of the kiln. For the same reason motors selected for 
this work must be liberally rated and have low temperature rise. 

Kilns vary in size from 6 ft. 6 in. diameter by 100 ft length 
to 10 ft. 6 in. by 200 ft. and revolve at speeds ranging from 1 'to 
rev. per min. They require from 10 to 30 h. p. The load is 
very steady and the horse power requirements are nearly pro- 

!nTf° n tl t0 i ° f th£ kiln ’ t0 the ^are of the diameter, 

and to the length. Approximately 125 to 175 per cent starting 
torque is required. s 

giV6S approximate power requirements of rotary 
- T' . T f e power requirement varies with the speed as shown 
m the last two columns and the rating of the motor, on account 

value . operat “S conditions, should be twice the lower 

gnen. In selectmg the resistance for controlling 
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the speed, care must be taken to have it proportioned so as to 
be capable of reducing the speed to one-half when the load is 

that actually required to drive the kiln at half speed. 

After the material has passed through the kilns it is ground 

in the finishing mills. For this work the same class of grinding 
and conveying machinery is employed as that previously des¬ 
cribed. 
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Discussion on “The Application of Electric Drive to the 
Cement Industry’ ’ (Williamson, Kelsey, Dudley, 
and Weichsel). New York, N. Y., November 8, 1918. 

A. M. Dudley: We are really presenting to you two things 
to-night, and as regards the second we would like to have you 
feel that - you are present at the birth of an idea, if you feel that 
there is an idea involved. 

As regards the paper itself, two years ago Capt. Martindale 
was appointed Chairman of the Committee on Industrial and 
Domestic Power. Capt. Martindale, with others on the Commit¬ 
tee, felt that the technical committees of the Institute were not 
entirely discharging their duty. 

This Committee had a feeling that the technical committees 
of the Institute should do active and constructive work every 
year of their existence, and that succeeding committees should 
build on the work of the committees that had gone before, so 
that the knowledge thus accumulated, built up from year to 
year, would be available to the membership of the Institute at 
large and become almost a compendium of the progress of the 
art in that particular line. That idea, if carried out, would not 
be difficult of application, and it would provide the committees 
with a working program, which is a very great thing, it having 
been the case in most instances that the program of the work of 
the committees depended on the personality of the man in charge 
of the committee. 

With that in view Capt. Martindale drew up a schedule, 
starting with certain machine tools to which he proposed to apply 
the proper motor for operating, both alternating current and 
direct current, and giving its characteristics, its methods of 
control, its capacity, and all other pertinent facts. 

After some discussion the Committee decided such a plan was 
not sufficiently comprehensive and it was decided to study the 
entire subject, first from the viewpoint of the industry. It will 
occur to you that to the man who has made a study of this, to 
the man who is educated to the application of industrial motors— 
that the electrical study should be from the standpoint of the 
characteristics, particularly the speed-torque characteristics of 
the motor, because the number of different speed-torque charac¬ 
teristics is limited, and these speed-torque characteristics must 
be applied to all work. 

. That is true of the specialist, but to the man who is interested 
in the industry and who is operating the motors, the natural 
view point is from the standpoint of the industry, so no matter 
how it is studied, to become available to the membership at 

la3 lr ? mUSt * be P rimaril y presented through the industry. 

vV ith that in view the committee selected three industries, 
having in mind one industry of very wide scope, a second 
industry of somewhat more limited scope, and a third industry, 
which was very highly specialized. With that classification in 
-view, the machine tool industry was selected as being a very 
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widespread industry, with many ramifications and touching a 
great many other industries; the manufacture of cement was 
selected as a more limited industry and passenger elevators as a 
highly specialized industry. 

That brought the work up to the end of the first year. The 
next year, last year, the entire committee was reappointed be¬ 
cause it had shown that it had an idea. We said we had not had 
time to carry it out. The Board of Directors said—“All right, 
you can have another year to show what you can do,” and the 
entire committee was reappointed. Unfortunately, for the 
work of the committee, Capt. Martindale went into the service 
and we did not do much work last year. But by working along 
we came through with a paper and it was presented to you 
to-night. 

. We would like you to think of this not as a finished presenta¬ 
tion. Of necessity all papers prepared by the designing or 
application engineer, rather than the operating man, have a sort 
of academic flavor, that is, they look as though the man who is 
actually up against the job had not prepared the paper, and for 
that reason perhaps in some details the paper is lacking or not 
as full as it should be, and it is the hope of the committee that 
you will criticize the paper fully and freely, and discuss it, and 
make additions to it, or subtractions from it. The results will 
be put in form to be available to the entire membership as 
virtually a study of this industry up to this time, and succeeding 
committees would find it part of their duty to see that the data 
are kept up to date, because the industries change rapidly, and 
there have been great changes in the cement industry in the 
last five years. 

We would like you to consider whether the committee has 
chosen wisely in making this special study, and whether the idea 
as a whole is a good one. We feel that eventually this work will 
be developed to such an extent that, through the Proceedings 
or otherwise, the membership at large will be interested in the 
collection of the data, and as the Committee intends to make a 
study of certain industries each year, it is hoped that the mem¬ 
bership will respond freely and cooperate, and that all who' are 
engaged in the particular industry treated will prepare such 
information, or furnish such notes as they may have, and send 
them in to the man compiling the particular data. 

As this work grows it may assume the shape of a loose-leaf 
pamphlet, or a card-index, or something of that nature, so that 
when you are discussing the paper to-night, we wish it to be 
'discussed, just as the presentation is, as a treatise on the use of 
electric motors in the manufacture of cement, and we would 
also like in addition, to have some discussion on the work which 
the Industrial Power Committee hopes to do, and wishes to do, 
whether it will be of a constructive nature and valuable to the 
Institute at large, and whether the Institute can be of service in 
this particular manner. 
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Arthur Simon (read by W. C. Kalb): Mr. Williamson’s 
paper covers very thoroughly one part of the work which the 
Industrial and Domestic Power Committee endeavored to carry 
out during the past few years, and it is a clear indication how 
tremendous the amount of work must be if it is intended to cover 
the application of electric motors in all industries in a like manner. 

u’ if )f ri ^ er J? ai3 thought for a long time of ways and means by 
which the subject could be most satisfactorily and expeditiously 
handled and the thought occurred to him that the different 
industries might be treated in the form of monographs, each one 
covering a particular industry, or even only a section of that 
industry. Mr. Williamson s paper could well be made the first 
one of these monographs as it covers the particular subject under 
discussion m a very thorough manner. 

M j reason for suggesting monographs is that each one could 
be edited by an engineer who is thoroughly familiar with the 
industry in question and who could get the cooperation of other 

to^iqtribliZTi-f quabded - In this manner it would be possible 
to distribute the work over a larger number of contributions and 

by publishing the different sections in book form and separately, 
of 1 ?he k T e r 1 ltT^ ld b ® cr ? at f? for them outside of the membership 

I reali JSd ^ 

• ?? A tbe ° ther . lia ?d, if the material is gathered and published 

ihi 1 ttrflS a +if er a 1 -ff dlCat f'U at i f ould be possible to very liberally 
strate the different booklets. Photographs and cuts could 

from the various manufacturers interested in the 
particular lines under discussion. Liberal illustrations would be 

£ S f able hfT e J h6y W0Uld enable the medalist, who has for 

Lnd not wfthfW expe f. ie ™: e with } he design of electric motors 
fhMWaSr their application, to familiarize himself more with 

and operatm S conditions. This as I understand 

bfthfln dnt^ ma 7n aS ° n 5 f % the work ’ undertaken originally 
mn .•frnnstnal and. Domestic Power Committee. 

thJma^fr ™ on °g ra P hs to cover the entire field in 

Cement'lndu^’ hi ® pap . er “Electric Motors in the 

ement inaustry. I believe that it would have been dpqirahlp 

to change this title to “Electric Motor AppHcSns“ Sd Stade 

L ?'“ ™ 10US . fo ™ s of controlling devices which 

stable for the various motor drives. 

nut to tendency in the past in the cement industry has been to 
P oo much emphasis on the desirability of the sauirrel esp-e 

r*not. oa thTS °4* simplicity "i'S q wS 
narfiVnio i * \ considers the slip-ring motors 

thesquS cavern^ siz T f S L equall y> ° r “ore satisfactory than 
q irrel cage motor. If the control is also taken into con- 
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sideration, it will probably be found that the slip-ring motor is 
the preferable type in the majority of cases. 

The tendency in the cement as well as in other industries 
today is to use automatic controlling devices on account of the 
lack of skilled labor which can be introduced with the operation 
of hand controllers, and it is ho doubt true that the controllers 
for slip-ring motors in general give better all-around results than 
squirrel-cage motors in combination with controllers for their 
operation. Furthermore, by the use of the slip-ring motor the 
starting currents can be greatly reduced and the risk of burning 
out the motor due to its being stalled at starting, is greatlv 
reduced. 

The writer realizes that this is at the present time to a large 
extent a matter of opinion and it would be desirable to get the 
benefit of the experience of operating men who had to deal with 
the two types of motors and also to get some recording instru¬ 
ment curves, showing the starting conditions for squirrel-cage 
and slip-ring type motors on various drives. 

W. C. Kalb: . Air. Williamson, in the early part of his paper, 
points out that the tendency in the cement industry has been to 
over-motor rather than to under-motor the drive on the most of 
this equipment. 

It seems to me in some cases while that may mean that the 
motor is operating at a lower degree of efficiency than where it 
is working up to its full rated load, there is still an economical 
advantage, particularly in types of machinery such as some of 
the crushers he mentions, where, if the machine is stalled, it is 
necessary to tear out all the charge before it can be started' 
again. The saving over the loss of time and the labor required 
to take care of the stalling, with the consequent interruption of 
production, if a motor was working so near its capacity that such 
stalling occurred with any frequency, would rapidly pay for the 
installation of a motor of greater capacity. 

On the question of brushes, which is a field in which I am 
particularly interested, we do not find such an extensive applica¬ 
tion of brushes in the cement industry as in many others, owing 
to the predominance of alternating current. However direct 
current, as has been stated in Mr. Williamson’s paper, is used to 
some extent and with considerable success. 

The application of brushes to this industry is very much the 
same as any other, with perhaps the exception that self-lubricated 
brushes,. so called, or those which are impregnated with the 
lubricating material are not at all desirable in this industry. 
The presence of the abrasive material in the form of dust which 
can be accumulated by any lubricating material on the surface 
of the brush will cause an unnecessary amount of wear on 
commutators. Consequently this type of brush should be 
avoided in the cement industry or in any .others where abrasive 
dust may be present. 

As to under-cutting of commutators, in the presence of so 
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much dust of this kind there is not the need for it in all cases 
that there is in other installations. We see frequent cases where 
a motor requires the under-cutting of the mica, provided a 
non-abrasive brush is used, because after a considerable period 
of operation, perhaps months, the. mica will gradually get high. 
Cases of that kind would not require under-cutting in a cement 
mill, the abrasion which occurs from the dust present would be 
sufficient to permit operation with flush mica, and non-abrasive 
brushes. There will be conditions, however, where undercutting 
would be advisable, unless abrasive brushes are used. In such 
cases the undercutting should not be deep—1/32 in. as a maxi¬ 
mum will give successful operation, and it will not be deep 
enough to afford a pocket for the collection of dust, so that it will 
offer any serious trouble, if the machine is blown out with any 
reasonable frequency. 

. Probably more brushes are used on the slip-ring types of motors 

m cement mills than are used altogether on direct-current motors, 

due to the predominance of the alternating-current motor. 

I would like to put in a word here in urging the greater use of 

the carbon and graphite brushes as against the metal-graphite 

composition brush. This, of course, means cutting down the 

current density in the brush to come within the range of the 

carbon-graphite brush, but that is not a serious problem as there 

is always plenty of room for the accommodation of holders. 

* n °^ ec h°ii frequently offered by designing engineers to the 

use of the carbon brush on the slip-ring type of motor is that it 

ZTin sll PPage. Again, for this industry, I do not think 
tnat would be a serious objection. 

f °J Urgin / th ?, advant age of the carbon brush, how- 

w ^ t ^L te + den ? y J 0r all i composition brushes, once abrasion 

hreakiT+t/L t0 r °if lt emSe[ve , s continue that abrasion. Once 
: u Ptb e .Polish, the smooth surface of the brush face and the 

S k W 1?1 fonning a S ain - Th is rough contact 

rin? Jea^ Tl r f ble K bra K° n L C - aUSmg short brush life and ra P id 
InTevard JJ 1 ® ca ^ bon b ™ sh » not open to this objection. 

hieh camvhJ Carb ° n brUsh having the necessarily 

to chooT^hff™ ^ th r are practically but two from which 

brush fr^ nift n!t th fh'^P.hhe, which is made as a molded 

graphitic T £!f ° r gra P h ite, and the electro- 

graphitic brush" dL^T per ! ona l Preference for the electro- 

Srength aS hblffiv tn f ^ hardness, greater mechanical 

conditions Tt ran k S Up under severe mechanical 

amperes per square inch ndthout d difficult a cur ^ ent ; density of 60 
are right a ^ COn ^ tions 

it will take care of any condition'whfl a 7 13 ?t rm u SSlb ,. le ’ 30 
be applied. 7 naitl0n to which a graphite brush can 

which I have been interestedTthe ^ nt i plant equi P rnent in 
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rotary cement kilns. This phase of the subject under discussion 
may be of interest to members of the Institute, although it is 
remotely related to the other phases which have been so 
thoroughly discussed this evening. 

The electric circuit that I propose to discuss, consists in part 
of a source of alternating current, a mechanical rectifier (syn¬ 
chronously driven) which converts the alternating current into 
a pulsating direct current, and a load which operates as a leaky 
condenser. This load is what causes so much concern to the 
operator. It behaves erratically at times and its peculiar 
operating characteristics are such that the circuit has been aptly 
termed a “wild indian. ,, 

The problems encountered are numerous and difficult and the 
field is sufficiently developed in cement plants to warrant 
engineers familiarizing themselves with the technique involved. 
First, let me say that, instead of following the usual practise, by 
trying to avoid the formation of .arcs, the electrical precipitation 
engineer is dealing with arcs in the high-tension circuit (at 
rectifier) as an integral part thereof. It is unnecessary to state 
that this introduces a number of interesting, even if vexatious 
problems. 

Low-tension alternating current of 25 to 60 cycles, single-phase, 
is raised to 30,000 or 100,000 volts by means of a static trans¬ 
former, and this is converted into pulsating direct current by 
means of the synchronously driven mechanical rectifier previously 
referred to. This rectifier in its simpler form comprises a disk, 
about two feet in diameter, made from a good insulating material, 
such as Micarta, fibre, Dielecto, etc. mounted upon a shaft 
driven by a small synchronous motor or by a direct connection to 
the shaft of the low-tension alternator delivering the low-tension 
alternating current to the step-up transformer. It is thus 
apparent that the synchronous motor is merely a convenient 
substitute for the mechanical coupling when the alternator is 
situated at some distance from the rectifier, 4. e when the 
alternator is in a central power house and is used for supplying 
current to other pieces of apparauts. It is desirable to keep this 
point clearly in mind, that the two methods of driving the 
rectifier are almost identical, so far as the electric circuit in 
question is concerned. 

Near the periphery of the revolving disk, but separated from 
it by a small air gap, four shoes or elongated conductors are 
placed, one for each quadrant. (See Fig. 1) The disk carries 
four “contactors/’ these so-called contacts being made through 
the air gaps by means of arcs. These revolving points might- 
preferably be called “arcing-points” or “arcing-contactors.” 
The general arrangement of the disk and shoes and a wiring 
diagram are also indicated in Fig. 2. It is not feasible at these 
high peripheral speeds, to have the shoes and contactors in 
actual contact,—we wish it were. Two wires connect the 
transformer high-tension terminals to two shoes spaced apart 
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horizontally, one wire connects the bottom shoe to the ground and 
another connects the upper shoe to the “discharge electrodes” of 
the precipitator or leaky condenser. In the sketch the “dis¬ 
charge electrode” is represented as an iron wire (No. 14) placed 
along the axis of a “collecting electrode”, in this case a round 
iron pipe about 12 in. (30.4 cm.) diameter by 15 ft. long (4.5 m.) 
These two types of electrodes are separated by suitable insulators, 
the current flowing from one to the other through the dust-laden 
gases. There is a corona discharge taking place continuously 
when the apparatus is in operation. The corona is readily 
distinguished as negative, or positive by visual observation. In 
practise the negative is used as it permits a higher potential with 
better operating results. The positive is more brilliant but it is 
much less effective for precipitation purposes. 

The general character of the potential difference between the 
discharge and collecting electrodes, on the precipitator, or 
direct-current side of the rectifier, is indicated in Fig. 3. Fig. 4 
shows the general character of the potential difference between 






Pig. 2 
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tator, allowance being made for the resistance of the circuit in¬ 
cluding the arcs at the rectifier. When the transformer poten¬ 
tial decreases to a point just below that of the condenser or 
precipitator, the contacting period at the rectifier should cease. 
However, the current and potential are not in phase, and this 
adds some complications. It would be ideal to end the contact 
period when the potential difference of the transformer terminals 
and the precipitator, electrodes were equal and the current 
flow had become zero. Since the current and potential are not 
in phase, this condition is not obtainable in present practise. 





Fig. 3—Voltage Wave (Fluctuation Approximately 20 per cent 

of Maximum 

i'H 

Current flows into the precipitator for two distinct purposes: 
First, to charge the condenser and raise its potential; second, to 
cause ionization of the gas between the electrodes and an electric 
current to flow between them. These two elements of the cur¬ 
rent may be divided into one which is purely a capacity current 
and the other which is purely a load current, the one being out 
of phase with the potential and the other being in phase with the 
potential which produces it. These vary relatively when the 
potential and other conditions change. Until sufficient electric 
energy has been delivered to the precipitator to raise the con¬ 
denser to a point where the potential difference between the 



electrodes is sufficient to produce a corona discharge, the current 
is almost entirely a capacity current (resistance of the circuit is 
small). When the critical cprona potential has been passed, 
current is required to increase the capacity charge and raise the 
potential between the electrodes and also to provide the current 
which flows through the gas between the electrodes. Since the 
rate of current flow due to the corona discharge, increases as the 
square of the increase in potential difference, there will be a 
change in the ratio of capacity current to load current, and this 
change of ratio will be taking place throughout the entire period 
of current flow from the transformer. However, the change in 
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ratio will not be affected by increasing the length of the pipe, or 
what is equivalent by adding more pipes of the same kind, 
provided the wave form, etc. at the transformer remain fixed. 
The only point I desire to bring out right here is that the amount 
of lead of the precipitator current over the potential will be 
practically the same for a precipitator of a few pipes as for one of 
several pipes. Oscillograms show very plainly the leading 
characteristic. Oscillograms also show that when a precipitator 
is operated at near the maximum potential, without spark over, 
the voltage between the electrodes varies so that the minimum 

* s ^ ro . m . ^ P e . r cen ^ 80 per cent of the maximum, 
when the precipitator is operated at a lower potential and the 
current flow is small, the variation is even less than the above, 
m some cases which have been observed. However, it would 
seem that if the capacity of the precipitator was very small and 
tne alternator and transformer relatively very large the noten- 
tial difference between the electrodes of the precgtator would 
vary with the transformer potential during the time the rectifier 

WaS ii n j COn ^ ac ^’ and therefore the degree of fluctuation 
would depend directly upon the number of degrees of the wave 

which was being rectified. On the other hand; if the alternator 
a ? ^^sfonner were of small capacity and the precipitator was 
of relatively large capacity or capacitance, there is a possibility 
that enough energy might not be delivered to the precipitator 
K^f ng n° ntaC i V!r nods 1 to Serially raise the potential. It has 
Si WhfT When the P rec ipitator was large, taking a 
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was 6 of + flu f 1 l atlon J of the Precipitator potential 
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eSodes doeJnn? f u f 1 mamtai ? ed between the precipitator 
s does not fall to zero, whereas the potential on fho 

dn 7? g e ? ch 

does start at L-n ’ the d-c. side of the rectifier, however, 
The shape of this p,, nSeS f ° a n \ aximi ¥ n and a gain goes to zero, 
the condenser h e depends ^P 011 the extent to which 
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th. port.cn of the wave „ se d. and to other but SoieSnor facSe 



1918] DISCUSSION AT NEW YORK 1577 

If an arc occurs in the precipitator, the potential between the 
electrodes falls nearly to zero, and during the next rectifier 
contact the current flow is heavier than normal and the precipi¬ 
tator becomes charged nearly to its normal, and is again normal 
in one or two contacting periods. With a single-phase a-c. 
source, such as described, the arc is broken between contacting 
periods. With a source of true direct current, the arc continues 
until broken by special means or until the arc extinguishes itself 
by becoming elongated to the breaking point. Three-phase 
alternating current acts in a manner similar to true direct current 
in this connection. For this reason, single-phase alternating 
current as a source of the pulsating direct current possesses some 
practical advantages over non-pulsating direct current. 

A study of the arcs which occur at the contacting-points of 
the rectifier reveals some interesting phenomena. With a 
rectifier built as described, the four revolving arms and points 
act as a fan which produces heavy windage in the space between 
the shoes and the revolving points. This windage tends to 
blow out the arc and thus produces a very unsteady condition. 
The more unsteady the conditions the more pronounced are the 
surges. It has been found that a solid disk produces less windage 
than a disk built up from arms which project out from the hub, 
and that smoother operation is obtained. Better results would 
be obtained if actual contact were possible. At the shoes an 
arc is established as soon as the point approaches the shoe, and 
then this arc is drawn out until the resistance is so great that the 
arc breaks and another arc forms. It is possible that the new 
arc forms before the old one is broken, but this is not easily 
proven. Visually these arcs appear to overlap a fraction of an 
inch, Generally three distinct arcs are observable with the solid 
disk, each arc being increased in length and decreased in cross 
section as it is drawn out, indicating an increase in resistance and 
a decrease in rate of current flow. This condition readily 
promotes surging. It is difficult, indeed, to get oscillograms 
which show clearly all of these phenomena, but the phenomena 
are clearly shown in these arcs. 

Furthermore, one can obtain a good view of the so-called 
static sparks which are shown as little white streamers within 
the. body of the arcs. These are quite close together, thus 
indicating. in some measure, their frequency. Considerable 
resistance in the high-tension circuit partially clears the arc and 
eliminates some of these streamers. 

It is believed that these white streamers are an indication of 
the source of the trouble experienced with transformer coils. 
The .end coils of the transformers readily fail unless they are 
provided with excessive insulation and are otherwise protected 
against excessive potential strains. The amount of potential 
difference which can be set up between adjacent turns of a coil 
depends upon the rate of change, and since the rate of change is 
very high with these oscillations, a very high potential gradient 
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is readily established when the coil is placed around an iron core. 
The current flowing in the high-tension circuit consists of the 
regular charging and load current wave, upon which are super¬ 
imposed these numerous oscillating current waves. By placing 
a choke coil on the terminal of each transformer, the load and 
charging current readily pass through the choke coil while the 
oscillations are reflected thereby, due to their much higher 
frequency. They are caused to pass through resistance and 
thus dissipate themselves in heat. In this way the transformer 
coils are protected against break-down. A further step is to 
take advantage of the difference in rate of change, or steepness 
of wave front, allowing the load and charging current to flow 
through the choke coil and compelling the oscillations, having 
higher frequency or steeper wave front, to shunt the coil and pass 
through a very high but relatively non-inductive resistance, such 
as a carborundum resistance rod. By utilizing these methods, 
transformers now operate satisfactorily without frequent break¬ 
down, and smooth and fairly steady operation is obtained in this 
special field of application. 

Recently a^ considerable amount of discussion has taken place 
and some articles have appeared in the literature relative to the 
virtues of synchronous motor drive as compared with connecting 
t e mechanical i ectifier direct to the shaft of a motor-generator 
set From a study of the above, it seems evident that there is 
no fundamental difference in the two methods, as the synchronous 
motor merely acts as a substitute for the flexible mechanical 
coupling used m the other case. The hunting of the synchronous 
motor or failure to keep in step are no problems in practise, 
uhen the power line has satisfactory characteristics. When the 
me is unsuitable, it is obvious that a motor-generator set is 
preferable. The other troubles or problems discussed above 

for twf 1 m ° re 1 ^?°f an J t and fundamen tal and point the path 
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cipitator electrodes was (200 : 100,000 volts transformer ratio), 
whereas it might be that during the interval the rectifier was in 
contact, the transformer potential may have been nearly zero 
due to the very high rate of current flow during the short interval, 
which would be the case if there was an arc-over in the precipi¬ 
tator. The peculiar power factor of this circuit may be under¬ 
stood by a consideration of this point. Another point of interest 
is the flattening effect upon the low-tension and high-tension 
waves of the transformers when a high non-inductive resistance 
is placed in the low-tension side of the transformer. This 
flattening effect is very pronounced when a small alternator is 
used and the corona current is quite large, and exceeds that which 
would result if an ordinary resistance load were used. As the 
voltage increases, the current flow increases rapidly, produces a 
greater potential, drop across the resistance and this in turn 
makes the potential across the low-tension terminals of the trans¬ 
former that much lower. The larger the resistance the greater 
the flattening effect upon the wave shape. The rate of current 
flow during the time the rectifier is in contact should determine 
the size of the alternator. The maximum rate of current flow 
from an alternator for this service is greater than for a lighting 
load where the entire wave is used and the load is a resistance 
load. Small alternators should be designed with this in mind. 
Poor wave shapes from small alternators are due in part to this 
feature. On the other hand, if a large alternator is used, and a 
small amount of -current is taken from it, the effect upon the 
wave shape is going to be negligible as compared to the same 
amount of current taken from a small alternator. This probably 
accounts for the reason why the synchronous motor operation, 
taking the power for the precipitator from a large alternator, 
gives better operating conditions and better wave shape, and 
enables one to operate with higher potential on the precipitator, 
than when an undersized or improperly designed small alternator 
is used. Of course, a power line must not be used if it is subjeot 
to excessive voltage variations, since good voltage regulation cr 
control must be had for the precipitator circuit. 

One of the principal uses of this process in a cement plant is to 
recover potash as a by-product from the gases coming from the 
rotary kilns. Considerable progress is being made in this field, 
and it is quite probable that the process will be universally 
adopted in cement plants in time. Therefore engineers should 
consider some of these special uses and applications and become 
familiar with the technique and the problems arising from such 
operation. With this process in cement plants, a considerable 
tonnage of potash can be recovered as a by-product while cleaning 
the gases and overcoming a nuisance in the plant and immediate 
neighborhood, and it is of special interest, that this potash can be 
recovered at a cost which will permit of competition with the 
potash which can be supplied by Germany. The experts of the 
U. S. Bureau of Soils and of the U. S. Bureau of Mines estimate 
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that the amount of potash which can thus be recovered from 
cement plants per year will be from 50,000 to 100,000 tons. 

. " * T- Merrill: It has been my experience that in the applica¬ 
tion of electric drive to various industries that there is a pro¬ 
nounced tendency to complicate, rather than simplify control 
apparatus. Generally speaking, control apparatus for industrial 
mo ors should be as simple as possible to accomplish the desired 

'f"l ts t , an , d °J cour 1 se ^ if an obvious fact that the more compli¬ 
cated the duty cycle of the motor is, the more complicated will be 
the control. We have at the one extreme, the reversing mill 
“?^°! n ? 0ntr ? ls and the reversing planer controls, and at the other 
haV + e l he squirrel-cage motor on all day service and a 

ISweei thnsT tt °b a Smple r typS ° f startin 2 compensator. 
switch l of magnetic control and simple 
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4s and “ a 2 netlc Push button, etc., etc. 
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In many industries conditions will warrant magnetic control 
instead of drum control and of course there is no particular 
reason why the master controller and the magnetic control panel 
would not start a collector ring type of motor on a rockcrusher, 
but it is perfectly possible to do this with a drum controller, and 
a magnetic control under the atmospheric conditions of a cement 
mill should be so thoroughly boxed in and protected that the 
expense of the equipment is not only high but that any claim of 
advantage over the drum type would be more than outweighed 
by the complication and cost and probably maintenance, since 
remote control of cement mill machinery is in no way essential, 
as the man may as well start and stop his motor by drum con¬ 
troller as by pushing a button. 

In conclusion, I wish again to call attention to the advisability 
of using the simplest and strongest types of control for use in the 
cement mill industry. 

H. D. James: I wish to add a memorandum to Mr. William¬ 
son’s paper suggesting suitable control apparatus for use with 
the principal motors recommended, which are the squirrel-cage 
induction motor and the wound-secondary induction motor. I 
have had no experience in the application of control to direct- 
current motors or synchronous motors for use in cement mills, 
and must leave comments on this to someone else. 

General Features . All control equipment, with a very few 
exceptions, is for constant speed non-reversing motors. Most 
of these motors are of the squirrel-cage induction type, except a 
few applications requiring speed adjustment, or where the 
wound secondary induction motor is necessary in order to develop 
the required torque at starting with a reasonable demand on the 
power circuit. In many cases, the standard squirrel-cage 
induction motor does not have sufficient starting torque, so that 
special motors must be designed and the general purpose motor 
cannot be used, even when installed in a separate room and 
protected from dust. The use of a transformer type starter for 
these motors is entirely feasible if the motor will develop the 
requisite torque at 80 per cent of line voltage or less. Where 
90 per cent of line voltage is required to start the load, there is 
practically no saving in using a current limiting device, and the 
motor should be thrown directly on the line. This represents 
very severe starting conditions and may require special bracing 
of the motor windings to withstand the heavy starting current. 
The switching mechanism in such cases must be very strong and 
capable of handling the locked current of the motor without 
undue wear. 

Control apparatus for the wound secondary motor need not 
differ from standard if it is installed in a separate room and 
protected from dust. 

The atmosphere in these plants is very dusty and some pre¬ 
caution must be taken to protect the electrical apparatus from 
cement dust and coal dust where powdered coal is used as fuel. 
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This protection can either take the form of a cabinet or dust- 
proof enclosure around each piece of control apparatus, or the 
motors and controllers may be located in an adjacent room from 
which the dust is excluded. This latter arran gement is preferable 
as standard equipment can frequently be used and the mainten¬ 
ance charges will be reduced. 

All wiring should be in conduit and all controller frames or 
enclosures grounded. Special care should be taken to ground 
the framework of push-button stations, master switches, or 
manual controllers, particularly in the presence of coal dust in 
or ~f to Protect the operator from accidental shock. 

The National Electric Safety Code requires all live parts of 
control apparatus to be protected from contact by unauthorized 

persons. This requirement can be met by one of the following 
arrangements: s 

(a) Enclosing cases. 

(b) Mounting control equipment at least eight feet above the 

floor. 


(c) Placing the control equipment in a separate room not 
access ibl e to an unauthorized person. 

^Us ually the first or third arrangement is followed in cement 
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These controllers are usuallv nf td a oun d-Secondary Motors. 

are usually of the drum type, as this design is 
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enclosed and usually very compact. All manual starters and 
controllers should be provided with a protective panel equipped 
with a time-limit overload relay, affected by two legs of the cir¬ 
cuit and low-voltage protection. The panel should have a 
magnetic contactor opening at least two legs of the circuit. In 
addition, a disconnecting switch with a safety lock should be 
provided. This disconnecting switch may be mounted on the 
protective panel or separately, depending upon the requirements. 

Automatic Starters and Controllers for Wound Secondary Motors . 
Automatic controllers are preferable for the large size motors, 
which are generally of the wound-secondary type. These 
controllers provide automatic acceleration and should be 
equipped with time-element over-load protection affected by 
two legs of the circuit, and should be connected for low-voltage 
protection. A disconnecting switch with a safety lock should 
be provided. Usually this switch is mounted on the panel with 
the contactors. Where speed regulation is not required, the 
master switch can consist of a start and stop push button. 
Several of these push-button stations may be located around a 
machine when necessary. Where speed control is required, a 
drum type of master switch should be used. The starting 
resistor for an automatic panel should give approximately 150 
per cent of full-load current on the first notch. Where speed 
regulation is required, a resistor of continuous capacity should 
be used and the starting current may be reduced to 70 per cent 
of full-load current if the application requires this. 

I heartily endorse Mr. Merrill’s statement that the control 
should be as simple as possible. If the motor and line conditions 
will permit the squirrel-cage motor to be used and thrown 
directly on the line, that is the preferable arrangement, but the 
engineer laying out the plant will have to determine the type of 
motor his line and load will require. 

After you determine the motor, the question remains, if it is 
the slip-ring type, whether you shall use remote control with the 
larger motors. The principal advantage in remote control is the 
question of safety. We are giving more and more attention to 
the question of safety, and it is possible to remove the main 
switching equipment from the neighborhood of the operator and 
leave only a small power circuit of the push-button type, and 
this is in the direction of safety. It adds to the matter of com¬ 
plication, unquestionably, but that must be adjusted and 
balanced in each particular installation. 

It is difficult to lay down a rule to cover every case, and my 
suggestions are to be taken merely as suggestions along the lines 
we are discussing. 

Francis J. Burd (read by R. H. Goodwillie): I am impressed 
with the importance of Mr. Williamson’s paper and the attempt 
which is made to put into tangible form, a record concerning the 
application of motors to the cement industry which is bound to 
be of mutual benefit to the electrical and cement manufacturers. 
It should tend to bring the two industries closer together. 
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It has been the writer’s experience in selling electrical equip¬ 
ment that it is generally necessary to thoroughly understand the 
customer s problems as it relates to the electrical equipment 
involved before, confidence is established to the degree of pur- 

vf aS1 rcrii^ e e( l u ipnient. I feel that papers such as presented by 
Air. Williamson will, accomplish considerable in bringing about 
more intimate. relations between the electrical manufacturers 
and more especially the Institute as a whole to many other indus- 
tries beside the cement industry. 

I don’t believe that it can be said, that the Institute has hereto¬ 
fore encouraged to any great extent measures to promote closer 

the tende^vT^V 116 , ele ^ tr f al , and industries. I believe 

by its own members 6 " 1 g ™ th the problems P resented 

Papers such as this one on the cement industry would certainlv 
go a long way toward promoting the relations referred to and I 

Institute sq a whni ' en ? oura £ em ent and support of the 

concerned h 6 W ° U d Certamly be of material benefit to all 

that every member of the Institute onuld db 
inTSe52“,“ “Shin the“pWt of support- 

the Institute as an institute f+h I ? embers °nly look upon 
w ™ TT^ an institution of their own and give it their full 

S 0rt ' 1 beI ‘ e ™ the Instit “ te easily fumfUs siS of tte 

qu«tioSe 10 £m to t ?4iito i S‘eir”if !bfrS a ? ked 011 a 

vocations. It was understood tt 1 of 1 +rl^ ^a i nlng, ex P erienc e and 
tute records On the f™ ? at data was for th e Insti- 

sponded satisfactorily, those records should ?® memb ® rsh ip re- 

W W h fP° Segre - ate membership according^ fndusf baS1S ° n 

collect data as it relates in an Ji + ■■ ^ P ro P er authorities to 
it would seem ihS Siw '? industries, 

could easily be selected from the m the desired information 
committee. e < J ues f 1 °nnaire records by the 

I believe this method offers to eaeh ™ u 
%££&£ ^ the Ins thute in the mantfi/whShtt 

be kept of the 

mgs would prordde ample means^for ^ &TS ' 1 believe the proceed- 

record. However, I would recommit and ?ontinuous 

publicity of papers in such a man I th e Institute allow 
before the industry concerned anner th at they v ould appear 
Practically every industrv +u 
associated trade Journals Thesis ° ne or more 

opportunity for the Institute to oi^W® ° Ser an excellent 
interesting articles concemfog the ^ r T a given industry 

eming the application of electricity to 
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their processes. It would seem that this is where the Institute 
could promote closer relations between the electrical and other 
industries. 

E. Friedlaender (read by R. H. Goodwillie): The committee 
on ‘‘Industrial and Domestic Power” is deserving of a great deal 
of credit for the work it has done in compiling these data. I 
think the Institute should encourage in every way the presenta¬ 
tion of such practical descriptive papers as this one. A great 
number of our members are practical operating men, who are 
greatly in need of this kind of data. 

A great amount of descriptive matter is gotten out by the 
manufacturers in regard to the construction of their apparatus 
and machinery, but very little instruction is available for the 
customer, for the proper selection, use and installation of the 
apparatus. 

Close co-operation between manufacturers, designers and 
users is absolutely necessary. The best motor and controller 
will fail to do the work satisfactorily if it has not been properly 
installed. Responsibility of the manufacturer of electrical 
apparatus does not end with the designing and furnishing of same, 
but should include the additional service of selecting and install¬ 
ing apparatus best suited for the work. 

Committees on Power Stations, Transmission and Distribu¬ 
tion, Industrial and Domestic Power, Iron and Steel Industry, 
etc., etc., should compile practical data and present them to the 
Institute meetings for discussion. 

During these trying times, large production rather than new 
development has been the aim of the electrical industry, in order 
to help the government to prosecute the war. Wages have 
about reached their maximum, at the same time efficiency of 
man power is at its minimum. It is therefore only natural that 
in the near future great amounts of money will be expended to 
replace, wherever possible, man power by machinery, and skilled 
work will be performed by unskilled labor at lower cost with 
increased production. 

The attitude of the public is very favorable towards the use of 
electric motors. The advantages of motor drives are well known, 
such as saving in floor space, convenient arrangement and spacing 
of machinery, safer and cleaner factories, better control and 
efficiency, greater overload capacity, ability to shut down each 
individual machine without affecting any other, etc. 

Where the output depended on the endurance and physical 
strength of the operator, controlling machinery manually, the 
electric motor and automatic controller has greatly increased 
production. Unexperienced and ignorant operators manipulate 
large, ponderous machines without the least effort and cannot do 
any damage to same until control fails. The employment of 
women in place of men in the iron and steel industry has been 
possible in many places where machinery is electrically driven. 

Naturally electrical installations of such nature are compli- 
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cated and require experts to look after them. Neither motor nor 
controller will give sufficient warning of trouble until too late, 
and regular supervision and inspection is absolutely necessary, 
especially where continuous operation must be maintained. 

In motor applications in general, a number of points must be 
carefully considered such as: Description of machine and 
drive; load conditions; location; speed control; voltage and 
kind of current. 

Where a large amount of dust and abrasive material is liable 
to get in electrical machinery, as in steel mills and cement plants, 
bearings should be dustproof, all collectors and commutators 
should be protected, all controllers—especially relays—should 
be covered. Motors should preferably run at low speeds and 
be installed in separate, clean, dry and cool rooms, wherever 
possible, and connected to rough-running machines by means of 
flexible couplings. 

Not over 220-volt current should be used where men are liable 
to come in contact with same. If higher voltages are to be used 
electrical machinery must be isolated. 

The cement industry is getting its power mostly from steel 

plants and blast furnaces from valuable by-products and waste 

gases. Naturally, alternating current is used exclusively on 

account of transmitting large amounts of power over considerable 
distances. 


Although direct-current motors have ideal speed control and 
orque characteristics, alternating-current motors are preferable 
for the cement industry for the following reasons: No commuta- 
or troubles, especially on account of great amount of dust* 
constant speed of motor; stand greater abuse; no transforma- 
tlC w-u° SSeS * rom a toemating current to direct current etc. 

motors a f e °. ften started and stopped, especially under 
load, the proper selection of motor and controller is very import- 

VnHot SP ^ C1 t\ When cu T rent is furnished.by central stations. 
dlstu ^ bances W. bne through high current peaks, while 

nh St be , av0lded; also tow power factors. In many 
cases phase-wound motors must be used in place of the simpler 

motors The use of synchronous motors, espe- 

is advisab1p g fn S1Zej wb f. re startm & conditions are not too severe, 
is advisable for correcting power factor and regulating voltage 

especially now when copper is high in price g s > 

and stating switches must be very strong 
ve/y severe E Cement plant durin S starting period is often 

The location of transformers is important It is often arhric 
able to locate individual transformers as near to the motors 
possible m each building ins tead of inctaiii^o- o ~ e * m , ° rs as 

mer station and long secondary transmission lines. 

a Terence to oirhn^d K ' H ‘ Goodwillie ) : The author makes 

the steel industrv that outWd tearing? on^f by - ma f y “ 
than 75 horse poW is 
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In the steel industry there are many applications, similar to 
cement-mill drives to which the motor is successfully geared and 
it has been proven that applications formerly considered suitable 
only to direct-connected low-speed motors can be successfully 
driven by high-speed motors rigidly coupled to cut gears at a low 
initial cost compared to the low-speed motor; and also compare 
favorably in maintenance cost; and at much lower maintenance 
and more satisfactory operation than belt drive. The motor 
and gear-box should be on a common bed-plate or at least on a 
common foundation. 

In the steel industry 220 volts is considered preferable to 440 
volts from a safety standpoint. The saving in copper by use of 
the higher voltage is often over-balanced by the additional 
safe-guards required. Practically the same safety precautions 
should be taken against shock with 440 volts as with 2200 volts 
or higher. 

L. E* Underwood: Mr. Williamson says: “Bearings should 
also be made dust proof by the use of felt and steel washers, as 
cement has a highly abrasive action and greatly increases bearing 
wear when present in the bearings.” That is undoubtedly true, 
but there is one application of dust-proofing which has not been 
mentioned. If in the lip of the housing, a very small clearance, 
perhaps 0.005 of an inch is obtained, or some amount like that, 
and circular grooves are put in this lip and filled with a heavy 
grease, an essentially dust-proof bearing can be made. The 
grease rubbing on the shaft catches the first particles of dust 
that come through^ and they collect and form their own seal. 
In addition to that it is very essential that the oil-well opening 
be permanently covered, that is to say, the cover should be 
locked in place, so as to make it very difficult to remove it. I 
think these two features make as nearly a dust-proof bearing as 
anything I have seen in my experience. t 

Selby Haar: About nine years ago I had occasion to design 
some motors, I think, for operating crushers in a cement plant. 
They were of 150 h. p. capacity at 165 revolutions. They were 
a-c. motors and it was a rather unusual design of motor. It hap¬ 
pened that there were 32 or 33 of them, all alike, which was still 
more unusual, and on account of the fact that there were so 
many of them I investigated the results of the tests, and was 
pleased to find that these motors agreed within two or three per 
cent of each other in their characteristics. 

Since the committee has asked for some suggestions in regard 
to the construction of this paper, I will say it might possibly be 
a help to the people who read this paper if it were known that 
the data on which the paper is based, and which Mr. Dudley, I 
believe, said were accumulated previous to preparing the paper, 
are all deposited in the library of the Institute or in the general 
library of the United Engineering Societies and are available to 
people who wish to study the subject. I had intended to suggest 
that the Committee prepare a selected bibliography of the 
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important articles on the subject, but if I am correct in assuming 
that the underlying facts for this paper are available in the 
library that would make it unnecessary for the Committee to go 
to the labor of preparing a bibliography. 

J. N. Mahoney: In connection with control problems comes 
the matter of the degree and character of overload protection. 
I have in mind the case of a cement mill where the problem of 
overload protection is a very important one. The power supply 
to the cement mill electrical apparatus comes through a bank of 
4500 kv-a. of transformers at 2200 volts, backed by a very large 
high-voltage system. It is evident the short-circuit energy which 
can reach the motor and control apparatus is very great. While 
this problem is not beyond the application of reasonable appara¬ 
tus arrangement and cost, I want to call to your attention here 
that this phase of the situation is usually not well considered in 
making an electrical apparatus application. 

If overload or short-circuit protection is provided at every 
motor or branch circuit the cost will be large if the power supply 
units are not properly selected. On the other hand if overload 
protection is provided only at a few main supply points the cost 
of shutting down a large portion of the service may be large. 

It is well to provide a power limiting arrangement in a large 
capacity installation, rather than use unusually capable control 
apparatus to handle the short-circuit energy that may reach the 
control equipment and probably the motors without such con¬ 
sideration. 

W. L. Merrill: In connection with this last point we have 
had brought to our attention, I believe, the fact that the proper 
place for control apparatus under these conditions is where the 
lines go into the cement mill and not at each individual motor. 

In any of these industries, particularly in the case of the 
cement industry, we must bear in mind that what the mill is put 
U P f° rto raake cement. No motors should go into a cement 
mill that are not capable of standing up and doing the work. 
We should not have to surround them with a lot of control 
apparatus which we have to put off in a separate room in order 
to keep the operation safe. 


If we go to that extreme we will have a high grade power 
station with a lot of expensive engineers and electricians to keep 
it running, and not have our minds fixed on the making of 
cement. That is what the mill is for, and the simpler and 
stronger the pieces of apparatus we can put in such a mill the 
better the output and the less the cost. 

R. J. Dearborn: As I glanced over Mr. Williamson’s paper 
before coming here I noticed on the first page a prominent 
heading General Description of Process”. I made up my 
mind that it would be an interesting paper aside from its technical 
value, and so I came to the meeting. 

In listening to the verbal presentation by Mr. Williamson I 
was disappointed to find that he skipped that part of the paper 
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entirely, and I would like to suggest as a matter of human 
interest that the speakers in the presentation of papers of this 
kind give a brief abstract of the general description of the 
process and try to visualize it to the mind of the listeners in such 
a way that all may have a good general idea of what the process 
is, after they leave the meeting, even if little was known about it 
in advance. 

Will it not promote the general interest and increase the 
attendance of the meetings if the committee on papers assists 
the writer in the preparation of a digest for verbal presentation, 
which particularly has the listener in mind. The papers are 
excellent but the presentation often leaves something to be 
desired. 

James Dixon (abstracted by A. M. Dudley): Direct-current 
motors of the open type installed in locations where they are 
exposed to cement dust are noteworthy for the general good 
condition of the commutator surface. After a comparatively 
short time in service the commutator face acquires a fine polish 
and the later wear on commutator and brushes is abnormally 
slow. In one case emergency repairs were made on a grounded 
commutator. No facilities for turning it true were available,, it 
was filed to approximate roundness with no sharp irregularities 
and put in service, the load being about 10 per cent above the 
motor rating. The sparking which existed at first disappeared 
after two days and in a week this commutator was as good as any 
in the plant. The eccentricity of course, still remained but was 
taken care of by the brush gear. 

This tendency of commutators to acquire unusually good 
surface when exposed to non-abrasive dust has also been noted 
by the writer in a candy factory and in a chocolate factory. In 
both of these the motors were exposed to finely pulverized sugar. 

As might be expected, long life of commutator and brushes is 
a result of the highly polished contact face. 

A. L. Hadley (abstracted by A. M. Dudley): There is one 
question which might be brought up for discussion, or for infor¬ 
mation as to the usual or best practise, and that is relative to 
the use of commutators with undercut mica for direct-current 
machines. The author of the paper states: “There is nothing 
inherently injurious about the action of cement dust on the 
commutators of d-c. machines, and they are successfully em¬ 
ployed in some plants, but, all in all, the a-c. motor is preferred 
and used.” 

No doubt the a-c. motor for most new installations is being 
employed. The fact that cement dust on a commutator does 
not make it inoperative, would lead to the conclusion that the 
cement dust is sufficiently abrasive to keep the mica flush. It 
will be of interest to know whether cement mills have used 
■commutators with undercut mica with any better success than 
those using commutators with flush mica. 

C. H, Sonntag (abstracted by A. M. Dudley): At the time 
that electric motors were first introduced in cement plants the 



1590 MOTORS IN CEMENT INDUSTRY [Nov. 8 

average mill consisted, at least in its grinding departments of 
long lines of shafting carrying many friction clutches, from which 
the grinding machines were driven by belts. In the cheaner 
installations the clutches were^ mounted directly on the line- 
shaft, and in the better class mills the clutches were of the auill 
In either case, trouble with any clutch meant a shut down 
of the whole line-shaft until the difficulty could be remedied. 
The line-shafts were driven by Corliss engines through belts or 
ropes, or sometimes by direct coupling. This required that the 
power house be built as an integral part of the mill proper, with 

the attendant exposure of high-grade machinery to the ever- 
present ulusc. 

Electric drive was hailed as the best remedy for these condi- 

diStance whereat h ° U i!f be removed to a convenient 

distance, where it could be kept clean, and where it really 

became a factory m itself, manufacturing kilowatt hours. This 

bSJffift wlfnract“ e n SUrement -t? d - USe ° f P ° Wer 011 a scie ntific 

basis that was practically impossible m the old type of mill It 
also permitted the use of turbo-generators, with their attendant 

tToT^tion S S £ aCe ’ 1 fi d ^eam consumption, a thing out of 
the question with the old line-shaft arrangement, unless large 

SiltTfewTases Ue t? t0 / ri ? these shafts - This was done in 
onlj a few cases, as the advantages of the individual motor drive 

were too obvious to be overlooked. 

Mr. Williamson has given a very good summary of the require¬ 
ments of motors for this class of service. There are, however a 

equipment. h Sh ° Uld be em P hasiz ed in selecting additional 

1. Type. The a-c. motor is of course the only choice when 
turbo-generators are used m the power house. They are more 
desirable m any event, because they are practically fool-proof. 

to bJd a nW S av ® ra g e man who is putting up the monev 
to build a plant, the cheapest motor is apt to look the best 

I high^mDee^rnomr hetW ? en the P rodu cts of reputable builders.’ 

A nigh speed motor is cheaper than a low-speed one In the 

motors' a C K^ that Mt “ ds th< \, sal<i ° f a lit of 

conditions fn a^^f f r°r- V1S10n who is not fa miHar with the 

that be a sehlHm?ct ? i p ^ n 13 t0 recomi nend to the powers 
mat be, a selection of higher speed motors, because he can there- 

m„ C T?f it0rS ' K this to the atteotioOof 
brouS™ o blr ol'h, C0 . m P“y. pressure from above may be 

and depar * for ‘ 

selection nf Wo ? ! the hands of some °ne else. The 

out the hfe ° r m? ay handicap the plant through- 

this The use of WL° rS ' a There 1S a ver y definite reason for 

pullevs to keen hi g h'f+ Peed “ otor s.involves the use of small 
p s to Keep the belt speed withm bounds In fhp rln^f^r 

atmosphere of a cement plant the small pulley is a constant 
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source of trouble. The belt must be kept tight to do its work, 
and probably doped with sticky belt dressing. Even if made of 
endless leather its life will be shorter than it should be, and 
leather is expensive these days. If a textile belt is used, the 
repeated bending of the splice over the small pulley will soon 
break the belt at the splice. It will not take very many shut¬ 
downs because of belt repairs to pay the difference in price 
between the high-speed motor and one suited to the work. The 
writer has gone into this point at length, for the foregoing is the 
result of actual experience. For general belted service a motor 
with a speed higher than 900 rev. per min. should not be used, 
and 720 rev. per min. is better. This applies only to small motors 
up-to say 25 h. p. For larger motors 600 rev. per min. should 
be the upper limit of speed. 

3. Special Types. The various sizes of Griffin, Fuller and 
Raymond mills have pulleys with vertical shafts, and to drive 
these, as has been mentioned in the original paper, at least three 
makers have developed vertical motors adapted for belt drive. 
The design of these motors is entirely satisfactory, and the only 
object in speaking of them again is to call attention to the rather 
unfavorable conditions under which they operate, due to the low 
belt speed necessary. 

A 30-in. (76.2 cm.) Griffin mill requires 30 h. p. to operate it, 
which must be transmitted through a 10-in. (25 ..4 cm.) belt run¬ 
ning at only 1650 ft. (502.9 m.) per min. This means that a 500 
rev. per min motor may have only a 12 J4-in. (31.7 cm.) pulley. A 
42-in. (106.6 cm.) Fuller mill requires 75 h. p., and if fitted with 
a 54-in (137.1 cm.) pulley has a belt speed of 2500 ft. (762 m.) 
per min., calling for a 19-in. (48.2 cm.) pulley on a 500 rev. per 
min. motor. These small pulleys mean that the belts must be 
kept tight, both as to initial tension to prevent slipping and as 
to working tension to transmit the necessary power. There is 
some justification for this, in that these machines were originally 
designed for operation from low-speed line-shafts through 
quarter-turn drives, so that larger driving pulleys could be used. 
If there were an insistent demand for it, these machines could be 
re-designed with larger pulleys, so that a more favorable belt 
speed could be had. 

4. Ease of Cleaning. The dust in the air of a cement plant 

has a tendency to collect in every protected nook and cranny in 
a motor, and particularly around the ends of the coils. Most 
of the older types of motors have the end bells of quite open 
design, so that the natural fanning action of the machine, assisted 
by the occasional use of compressed air will keep them in fair 
condition. But there is one late model in which the outer parts 
of the end bells are solid, and dust accumulations in this type of 
motor will give serious trouble if not watched. In the plant 
with which the writer is connected we have had to cut holes in 
the lower parts of the ends of this type so that the air circulation 
may carry the dust out. ' 
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5. Dust-proof Control. The well-known types of auto 
transformer starting devices are sufficiently dust-proof asto 
give no trouble on that score, but where the size or location of 

contactors^these" rem ° te C ° ntro1 through magnetically operated 
contactors, these may glV e considerable annoyance bv the 

interference of dust with their oners ti™ a ill • 7 u 

installafi on q oarf-riri era -fii ^ in older 

owSd^tSSJ^TW 8 # ?r 0pen ? anels are relied on for 

will work its wav between^ & on u PP er end of the fuse 

the ^nteft 3 ^ 000 ?^ ? 6 + 9 PS aad ferrule < a nd finally make 
x 1100 _ , 0 'poor that heating and destruction of the entire 

use and cartridge occurs when there is no overload Thp 

way out of this that the writer has best 

time-limit overload relays™hSh “SlhJ dr jfo? tLelow 

S is “ d o StSf 1 ! vw sx-strs 

ft aid p ' k f e P.’, as there are °n fuses. 

tried rnt T Ch T S - • The use of sden t chain is being 

tuKo fS, 5 i 0r three P la nts m connection with kiln ball and 
tube mill drives as a substitute for belts. Their makers nrS 

not to operate them at more than about 1400 ft (426 7 mD ner 
mm., which calls for a high working tension in the c£ffi P to 
transmit the power. This is of interest to the man ffistSinv 
them in connection with motors because provision mmt hf^! 
for safely caring for the chain tension ThJbSs of 3ler 

two ?oTa to S an able ‘° hMdle lhis "“><« Svl 

r^ary through Silent cSm ‘2^*7^ 

fectly satisfactory, and far superior to that oTthp^Jn^ 0 ^ 1S F^I 
they displaced. We also have 1 375 h n «w* S d i^ es that 
‘” be “ill loaded with iron baH s P ' The 

coupling The verv p^-idp-nf n* S . sba ^ through a flexible 

SSL 1 * 5 iUStifea ” “ aS«n“4T„" 5 

mih lSd C frZ“thf"power S S e"todS““£ w'rowS 
factor, due to the use of induction motn-rc t+ 9 ts 1 power 

per cent, and is usuallv nearer 70\Sr S ^ TT ° V6r 80 
effect of this on the AP e cent ‘ We all know the 

remedy is the use of synchronous motOTs^Tbe 3 ' ^ ob J io P s 
use to a certain extent for driwi-no- • ’ are already m 

can be started lio-ht Thpi-r * vr/ 1 * com P ress ors, where they 

load is all that preventsTheir use for^thp ? start .^r a heavy 
and for ball and tube mills. * th 1 g6r S1Z6S ° f cru shers, 

usuffily rathe^co^actlv^uilt™ 3 - 111 ^ and screenin & P^nt is 
the use ofgroupdXe^thonb fT S & g °° d 0 PP 0 rtunity for 
least, could’ be of7a! s Tze T T t0rs ’ of 7 hich oue, at 

empty, which is usually the case, 
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chronous type, though the writer knows of no case where a 
synchronous motor is so used. 

As stated in the paper, the use of this kind of motor for ball 
and tube mills would make imperative the use of a friction clutch 
to start the mill after the motor is up to speed, for these mills 
always start with a heavy over-load. Cement men were so 
glad to get rid of friction clutches when the old line-shafts 
were taken out that they are chary about taking them up again. 
If there is a ball or tube mill installation on this plan, a discussion 
of its operation and the cost of up-keep of its clutches would make 
interesting reading. 

D. B. Rushmore (abstracted by A. M. Dudley): The rapid 
strides in the use of cement for building and construction during 
the past few years naturally creates an interest in the industry 
itself, the raw materials, process of manufacture and its magni¬ 
tude, and before discussing the application of motors to the 
industry it might not be amiss to refer to the Census of Manu¬ 
facturers issued by the Bureau of Commerce. 

The government statistics report a total number of plants of 
133 in 1914 employing 27916 wage earners and give the following 
data: 


Capital. $243,485,000.00 

Wages. 18,192,000.00 

Cost of materials. 51,987,000.00 

Value of product. 101,756,000.00 

Value added by manufacture. 49,769,000.00 


These statistics, however, include other kinds of cement than 
Portland cement as is indicated by the detailed output for 1914 


Puzzolan 68,311. bbls. $63,358.00 

Natural 751,285. “ 351,370.00 

Portland 86,437,956. “ 80,118,475.00 


$80,533,203.00 

21,222,797.00 


$101,756,000.00 

The more important manufactured cements in this country 
are the Natural and the Portland, but the latter is by far the 
most important from the standpoint of quality and also to the 
electrical manufacturer because it requires considerably more 
power per barrel to produce than the Natural cement. The 
annual production of Natural cement has been steadily decreas¬ 
ing during recent years while the production of Portland cement 
has increased very rapidly. Owing to this fact it is not necessary 
to consider the manufacture of Natural cement. 

A large number of the cement mills are already electrically 
operated as is indicated by the power statistics. 


Primary Horse Power —1914 

Total.. 490,402. 

Owned 

Steam engines and turbines.. 291,321. 

Water wheels and motors. 6,346. 

Internal combustion engines. 28,366. 
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Rented. 

Electric... ... 164,369. 

Electrical horse power 

Owned and rented. . . .. 336,516. 

Fuel Consumption —1914 

Anthracite (long ton). 226,474. 

Bituminous (short tons). 6,731,438. 

Coke (short tons). 20,072. 

Oil including gasoline bbls. 2,502,015. 

Gas (cu. ft.). 5,525,894. 


Portland cement is of a somewhat uncertain chemical consti¬ 
tution but consists primarily of tri calcium silicate (3 Ca0Si0 2 ) 
and tri. calcium aluminate (3 Ca0Al 2 0 3 ) with traces of iron, 
magnesium and other materials which seems to have small effect 
on the quality of the cement. 

There are two classes of raw materials used in the manufacture, 
one being rich in calcium in the form of carbonate, such as lime¬ 
stone, marl and chalk and the other containing a large proportion 
of silica and alumina as clay, shale, slag and natural cement rock, 
although the latter is sometimes found so rich in calcium that it 
may be placed in the former class, as clay must be added to bring 
the silica and alumina up to the proper porportions. 

. There are two processes used in the manufacture of cement, 
z ’ e "> process and the dry process. Those plants using 

the wet process are found principally in Michigan and employ 
marl (calcium carbonate) and day.. The raw materials are mixed 
and pulverized while in a semi fluid state, the wet mixture con¬ 
taining about 60 per cent of water which makes it sufficiently 
fluid to be handled by pumps. It is stored in tanks equipped 
with agitators to prevent settling and after being properly 
pulverized and mixed by means of tube or ball mills is pumped 

into the kilns for burning and from this point on the process is 
similar to the dry process. 

The dry process which is employed by the bulk of the cement 
plants consists principally of (1) Crushing, (2) Grinding and 

raw ^ at ^j a1 ’ ® Burning, (4) Grinding the clinker to 
finished cement. There are various types of machines used in 
the process of manufacture. 

Crushing 

Gyratory (from quarry size to 3 in or 4 in.) 

Gyratory (from 3 in. to 4 in. size to ££ in or 


Elevators. 
Storage Bins. 


Preliminary Grinding 
Hammer Mills 
Kent Mills 
Rolls 
Ball Mills 
Kominuters 
Dryers. 

Mixing Bins. 


Coal Storage, 

Crusher 

Dryer 

Pulverizer Bins. 
Grinding 

Fuller Mills 
Griffin Mills 

Raymond Mills 
Elevator 

Screw Conveyor 
Pulverized Coal Bins. 


1 in.) 
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Final Grinding-Raw 
Fuller Mills 
Griffin Mills 
Raymond Mills 
Tube Mills 

Kiln Bins. 

Kilns 

Coolers. 

Clinker Storage. 

Gypsum Storage 

Pulverizer Bins. 

Final Grinding—Finished. 

Fuller Mills 
Griffin Mills 
Tube Mills 

Cement Storage 

Packing Bins 

Packers 

Shippers 

Both direct and alternating current have been used in the 
electrification of cement plants and all of the apparatus has 
proven commercially satisfactory so that it is impossible to say 
that any one frequency or voltage must be used. However, 
alternating current is certainly preferable to direct current and 
25-cycle equipment is preferable to 60-cycle unless the plant 
intends to purchase power or wishes to tie in with some existing 
60-cycle system, or in cases where the lower cost and better 
economy of 60-cycle turbines is a determining factor. 

The advantages of the 25-cycle equipment are due to the fact 
that many of the machines run at comparatively low speed and 
require high starting torque. Furthermore the continuous 
service in an extremely dusty atmosphere make low-speed motors 
more desirable from the mechanical standpoint. 

Low frequency is best adapted for low-speed motors with 
reasonably high starting torque and good power factor so that 
from the motor standpoint 25 cycles is better than 60 cycles. 
The extreme case of this is shown in the low-speed tube mill 
drives, where the motor is direct connected to the counter shaft, 
which would be impracticable with anything higher than 25 or 
30 cycles. 

Direct-current apparatus operates under the trying conditions 
of dust much better than would be supposed, but as there is 
bound to be considerable wear on the brushes and commutators, 
and as the first cost is higher than that of the a-c. equipment, 
it is seldom used. Where d-c. motors are used it is customary 
to enclose them in housings. 

The effect of cement dust on bearings is a feature that must be 
taken care of and it has always been the practise of some manu¬ 
facturers to furnish dust-proof bearings, but the best insurance 
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against bearing wear is to install low-speed motors and avoid 
locating them in the dustiest places. The effect of cement dust 
on motor windings has never been found to be harmful and 
standard insulation is always used. The dust does collect on the 
coils and in the air ducts, however, and may interfere seriously 
with the ventilation if it is not blown off. 

In order to eliminate as much as possible the complications in 
both motors and control and reduce the wearing parts to a 
minimum it is desirable to use squirrel-cage motors and the 
tendency has always been to install these in cement plants up 
to a size somewhat larger than would ordinarily be used in other 
industries. There are a few machines on which slip-ring motors 
must be used, such as the kilns on which a variable speed is 
sometimes required, hammer mills which have a very heavy 
* clement and the possibility of being shut down when 

tun and the larger tube mills; in such cases the motors should 
e umished with enclosed collectors and the drum controllers 
made as nearly dust proof as possible. 

The question of the proper voltage to be used in new installa¬ 
tions is one that deserves attention on account of the laree 
amount of power involved. Cement plants usually covS 
considerable ground, and it is often desirable to locate the power 
House a P^tt from the main plant, so that the feeders may be as 
ong as 1000 ft. In the interest of economy in transmission 

o?£ per ’ ^ bas been our P ractise to recommend 550-volt motors 
although some of the largest plants, use 440 volts. There are 

onpri eVer f 220 °- vo 1 lt P lants which have been in successful 

l™ n + f ° r Se J e I^ y ? ars usin 2 this volta S e for a H of the 
rfi r ™ otors and there is no objection to this where it is found 

v e ™ os t economical. It is often questionable however 

than ? Sset by the “creased cost of the 
d +n Wmng ai ? d the h ^ her P ri ce of 2200-volt motors. 
Hn °, °, n t]ae g ener atmg station of a cement plant is excep- 
tionally steady as compared with some other industries and there 

reauiremem f+i, Pr + 0 ^ emS m th f conn ection. The principal 

adlnteTtorinPrf he S ° Ur ^ of P° wer should be reliable and 
adapted to continuous operation 24 hours a day, seven days a 

three geLrd™ 0 ^ 7 new P lants to install either two or 

greater than thf? a S ’ total capacity being somewhat 
g eater tdan the average demand of the mill. This gives such 

a flexible arrangement that interruptions due to federating 
troubles are very infrequent. p uue xo generating 

The distribution of load between the different deoartmentc: nf 

economies g^oS.^S 8 ' “ d “ it T“T"d to 

dav are ant mHowever, readings based on a single 

in the bins That T 3 for a cc° un t of storage of material 

may ctSmole o'r d ^»>ent 

while the latter may grind more or lesSftL' 
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ment, etc. The following table gives results in round numbers 
obtained over an entire year in a typical 2000-barrel dry-process 
plant using limestone and shale: 


Department 

Total kw. hr. 

Per cent 

Crushing. 

1,800,000 

14.7 

Raw Grinding... 

3,400,000 

27.7 

Coal grinding and kilns. 

900,000 

.7.3 

Finishing. 

5,800,000 

47.3 

Lighting, machine shop and miscel¬ 
laneous . 

371,000 

3.0 


12,271,000 

100.0 


We are inclined to believe that in the usual plant there is no 
such great difference between the power used in the raw and 
finishing grinding departments as is shown in this table. A 
3000-barrel plant, also using limestone and shale showed about 
the following divisions: 


Crushing .. 

Raw grinding.. 

Coal grinding and kilns 

Finishing.. .. 

Lighting and miscellaneous 


15 per cent 
30 “ 

10 “ « 

40 “ “ 

5 “ 


In estimating on cement plants it has been customary to 
assume that the power required will be about a horse power per 
barrel per day, i. e ., that, for example, a 2000-barrel plant will 
consume about 2000 h. p. That is fairly accurate, but in actual 
plants the horse power installed per barrel rated output varies 
considerably, because the ratings are not always an actual 
measure of the plant capacity, and because the tendency is always 
to put in somewhat larger motors than absolutely necessary. 
The average seems to be about 1J4 h. p. nameplate rating of 
the motors per barrel per day capacity of the plant. 

T. E. Simpers (abstracted by A. M. Dudley): Mr. Williamson 
mentions certain advantages for the wet process as compared 
with the dry process. One of these is cleanliness. It is not 
mentioned that the finishing mill of a wet process plant uses the 
same operations as that of a dry-process plant, so that this part 
of the mill is just as dirty in plants using either process. Further¬ 
more, the finishing mill is in most plants by far the dirtiest part 
of the plant. Also one of the necessities in a wet process plant 
is a supply of cheap clean water. A number of plants are 
located so that this is not available. 

I would consider the value of the load factor as mentioned by 
Mr. Williamson, as being too optimistic. It is a fact that all of 
the apparatus in cement plants is in operation practically all 
the time, yet considering shut-downs throughout a year on 
account of operating and labor conditions, shut-downs for 
repairs, and the usual underloading of motors on account of the 
severe service, it will be found that the load factors will be less 
than those values mentioned by Mr. Williamson. A review of 
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complete tests on nine cement plants showed the highest average 
load factor obtamedto be 66 per cent. A number of these plants 
operated at values between 55 and 65 per cent, while almost an 
equal, number operated as low as 30 per cent. There is no 
question however, but that with good engineering judgment and 
neglecting extensive shut-downs on account of weather or labor 
conditions that the figure of 65 per cent could be made an average 

load factor. This is of course, rather higher than obtained in 
plants of other industries. 

Mr. Williamson states that the starting torque required by a 

EwsLw ^ 1 l S T a11 ' Unless is accidentally stopped with 
materia m it, m which case it is usually necessary to dig out the 

material before machine can be started. Considering crushers 

o e sma ler capacity, it has been our custom to apply either 

wound-secondary motors or squirrel-cage motors with starting 

torque of at least two times full-load torque, which motors are 

stances 6 in f orde^t ng t 2“ Crusl f u J lder practically all circum- 
is not mn out of the Sshen shut - downs ^en the material 

A/r Und ®f r the sub-subject “Griffin Mill” it is not brought out by 

shS t Wl purthp2m that thlS “ lU req ^ ires a motor with a veritcil 

seco^da^ °n e ’ aS lEr Y the writer knows - a wound- 

tw t y h “ £ h f- never bee , n a PP lied t0 this mill, except 
where it has been driven on a horizontal shaft with a quarter 

dS-ded^’ A n snG 1S f ethod of a Ppbcation has practically been 

drivS the motor ™ ith a vertical shaft for belt 

thiJmilh method of connecting the motor application to 

ha^he'^HiflHva S iT+ 1 mei } dons the fact that the low-speed motor 

the satinf h l°- Wer t f ^ and low er power factor, but 

a lar°e eftent ? T ’ bekm ^’ f tc - offsets these disadvantages to 
a large extent. I would call attention to the fact that the 

nection^with a P6S rat T ^ s k an important item in con- 

use lS-ndlp 1 d , nves ' . Tbe Uni versal Portland Cement Co. 

the counter "shaft nf tV l S ^ U + rT K^ Ca Ml rnotors direct connected to 
X l h f f heir tub ^ mills - These motors are natur- 

Sure that tban the belted motors > but they 

fart that bv JZJtb^ f an ® ventual savin g on account of the 
iact tnat by using the low-speed motors, belting or a gear reduc- 

is higT a the e m^tenanc nd f While ^ &st cost of the apparatus 
hi g her“ “““ ‘ “ “ mtml P>“* s 

co“ r „tkm“' a Tt ,n , T" ti0 S » se ° f ^ctoonous mote in 

h -^ be - miU dn . ve - Naturally the synchron- 

an ideal installation inthat I j unn ™^ characteristics, represents 

with “ih Iffi ““ r»d‘iTaSoiSf 3 T b l obtaiMd 
fmotor of the render oTI S gcfSfZffif 

dmeteT. C “f ot S ^‘ ,he ;t is neoLs^ 

Clutch m connection with same. It has been the writer’s recent 
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experience in connection with somewhat similar applications 
that the clutch is a source of annoyance on account of excessive 
maintenance, and furthermore, it is very expensive for the size 
of application under consideration. Considering such an 
installation, it would be of interest to know if there have been 
installations made of motors starting light, and with a magnetic 
clutch used for connecting the load on the motor, to make a 
comparison of such installation with installations where no 
clutch was used. 

Furthermore, in respect to the synchronous motors, it would 
be of interest to know if such installations have been made. It 
is recognized that the synchronous motor has no slip whatever. 
Therefore, when a heavy load is thrown on the motor by means 
of a clutch, either the clutch must slip, thereby causing excessive 
wear to the clutch, or if it does not slip a very considerable 
shock will be experienced by the entire driving system. 

H. Weichsel (abstracted by A. M. Dudley): Mr. William¬ 
son’s paper gives very valuable information regarding the 
requirements placed on electrical motors when installed in 
cement mills. 

In order to select the most suitable motor for any kind of 
service, it is absolutely essential to consider the following three 
factors: 

First: The characteristic of the machine to be driven. 

Second: Kind of service to which motor and driven machine 
is going to be subjected. 

Third: The kind of supply circuit available. 

Mr. Williamson has, in an admirable manner, presented to us 
the most prominent factors entering in the three items listed 
above. 

From the characteristics of the machine to be driven, it is 
possible to determine which type of motor should be used, such 
as for instance, squirrel-cage motor, slip-ring motor, adjustable 
speed motor. 

The kind of service influences only a little the type of motor, 
but has a large bearing on the most suitable design of the motor, 
so as to give satisfactory life and service. 

Mr. Williamson gives in his paper means for determining the 
approximate horsepower requirements for the different classes of 
machines, and also informs us regarding the necessary starting 
torque. It is quite frequently the starting torque required, 
which is one of the leading factors in selecting a suitable motor. 
If no speed adjustment is required, quite frequently either a 
squirrel-cage motor or a wound-rotor motor can be used for the 
running period of the machine, but the necessary starting torque 
might in some cases absolutely prohibit the use of squirrel-cage 
rotors. 

The third factor mentioned above, which is the frequency of 
the _ supply circuit, has a great bearing on the decision if a 
squirrel-cage or a wound-rotor type motor should be used. We 
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M that polyphase induction motors are under consider- 
on. Mr. Williamson has pointed out that most of the cement 
i machines operate at rather low speed. In order to avoid a 
large ratio between the pulley of the motor and the pulley of 

!n! J nVe ? machxne - xt I s therefore essential to make use of low- 
rPeed motors. For a given motor speed, however, the 60-cycle 

snfoditTf 65 I ?° re ? 0l - eS tha ? a 25 " c y cle motor, and standard 
tu ? 1 g m 1 otors designed for 60 cycles have, on account of 

tornu? tha , of poles tbe higher frequency, a lower starting 

S 2 ^ C3 l de f m ° tors of equal speed - mi g h t therefore 
r that ’ f «»r driving a given machine at 25 cycles, a 

the mfohfoe “Vi 0 " W «o ha T ample starting torque for starting 
!nL? aCh -u 'X h e ,a 60-cycle motor, of approximately the same 

factorily^ * una ble to perform the starting operation satis- 

™~hmf CyCle S ? pply circuit is used - xt wiU make it therefore 

66 ovcfo !?, US f E - arg ?5 numb f r of squirrel-cage motors than if a 
ou-cycle supply circuit is used. 

opera tor’s point of view, the squirrel-cage motor, no 

Smnltif “ an y advan tages, on account of its strength and 

is pmcticalW 6 St . artmg cm -rent of squirrel-cage motors 

, f , ,, , .y no objection m case of cement mills, because 

of rnjfrh! atl0n thlS kmd consists invariably of a great number 

Sint 6 !’ f nd aS 1 never mor ® than a few squirrel-cage motors 
currp S S f ^ ® simultaneously, it follows that the heavy starting 

to any extent 111Te ^" Ca ^ e motors cann ot influence the power plant 

seW+!?r+ e w’ the engin f r designing the cement mill is free in 
26 ovol£ ke ^ e . que] ny of the supply, it seems advisable to use 

aLantpL ? 1S WlU f ll0W him to make ^he fullest use of the 
nr „ v ; ? squirrel-cage motors. Besides the advantages 

factor ymen i ° ned f xt phould be considered that the power 

factor of ? m0t ° rS 13 c ?nsiderably higher than the’power 

canacitieq ■R ,yC tu m °t° rs vnth equal speed and horse power 
capacities. Furthermore, the power factor of squirrel-case 

motors is usually slightly superior to the power faSor of 

Se se?vTcfcm"ditions r ° t0r ' Be f d % this ’ we must consider that 
tne service conditions m cement mills, as a rule are extremelv 

anTpkrtW on°acco CO r t f 0f ^ the tow dass of labor available 

f the unavoidable dust. The dust 

is thereforfr ui nS1 + de ° f the r0t i° r w mding of a wound rotor, and 
® llabl ® t0 mcrease the heating of the machine. The 

tK for fhcT ? r ; 011 S e 0th f hand ’ offers little or no oppor- 
inTempemture rfi / “ r0tor winding ’ and an increase 

nc ^ influe y? e y n 

available it l^ii f iacaina : P n ? to the inferior class of labor 
to S kind Jlf :requent jy be f °and that the motors are subject 
as sill iLl h t e \T d n0t unf mq ue ntly, foreign matter, such 
mom Ha hi tn’ enter + the ^t° r - Such foreign matter is naturally 
cage rotoJ ° Uble “ & w ound-rotor than in a squirrel- 
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The question of dust and foreign matter in the motor, demands 
further as large an air gap as is consistent with the design of the 
motor. A large air gap can readily be used on 25-cycle motors 
without impairing the power factor materially. This, however, 
is not the case on 60-cycle motors of equal speed. 

The bearing construction is another feature which demands’ 
careful consideration on account of the dusty atmosphere always 
present in cement mills.. Only high grade babbit should be used, 
and the bearing housings should be made as dust-proof as 
possible. Even with the best babbit and dust-proof bearings, 
it will be necessary to reline the bearings occasionally, and for 
this reason, it is advisable on larger motors to use split bearings, 
as these allow removal of the bearing shell without removing the 
end-plates or rotor. 

In case many squirrel-cage motors are used, it is frequently 
advisable to do away with auto starters, and to install a separate 
starting circuit, which is fed either from a separate set of trans¬ 
formers, or from taps on the main bank of transformers. In 
this case, the onlystarting apparatus necessary is a 3-pole double¬ 
throw switch, which preferably should be of the oil immersed 
type. 

Many of the cement mill motors are liable to sudden over¬ 
loads, due to choking of the cement mill machinery. These over¬ 
loads might be temporary and light, or might be so severe as to 
stall the motor, or cause the belt to slip. To avoid disastrous 
results from these unavoidable overload conditions, it is advisable 
to protect all motors with an overload relay of the inverse- 
time-element. type. Furthermore, it is advisable to install in 
each motor circuit an ampere meter, which is so located as to be 
easily observed by the operator. 

The information given in Mr. Williamson’s paper is of such an 
important and far reaching nature, that it seems that this 
information should be made accessible to all parties interested 
in the subject. This would help the electrical engineer, the 
cement industry, and the economic life of the nation as a whole. 

Mr. Williamson’s paper has been presented under the auspices 
of the Industrial and Domestic Power Committee. No doubt, 
many other papers will in future be presented by this committee, 
all of. which will be of interest to many people outside of the 
electrical profession. Papers of this kind will enable the super¬ 
intendent or engineer of a given industry to familiarize himself 
with the fundamental principles and characteristics of the 
various types of motors, and the actual experiences which the 
electrical engineers had with certain types of motors in certain 
industries. On the other hand, the discussions will be partly 
carried .on by engineers who are in daily contact with the different 
industries for which the motors 'are used. Mr. Williamson’s 
paper, for instance, has influenced several prominent men of the 
cement industry to contribute valuable information in their 
discussions, 
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Let us hope that Mr. Williamson’s paper has been the signal 
for the free cooperation of all parties interested in the progress 
of the electric drive. 

In order to give everybody interested in this subject the fullest 
opportunity to benefit by such papers as have been presented 
today, and which, in all probability, will be presented in the 
near future by the Industrial and Domestic Power Committee, 
I propose that the Institute devise some means to make such 
information as available as possible. This, for instance, could 
be accomplished, by printing these papers in pamphlet form, 
which the general public could buy for a small amount of money. 
Furthermore, a card index would be of great value, if it could be 
arranged according to industries, using one card for each type of 
machine to be considered. This card could give the fundamental 
characteristics of the^ machine to be driven, the most suitable 
kind of motor, and with possible references to articles published 
on the electric drive of such machine. If such records could be 

kept at the headquarters of each institute section, they would 
probably be of great value. 

Naturally, records and investigations of this nature can never 
be considered as completed, due to the daily progress made. 

H?f I l thl Tu eaS T “ji Jt , s ? e P ls these records should be kept up to 

nrrhaKV he h dustnal and Domestic Power Committee could 
and rnlWt 11 ^ 6 arran g emen ts to keep these records up to date, 
of all n wlL 6rmanen ne T data > and further, keep up records 
as in forpiVm I° a nS °- n tillS T?' iec - t made in home journals, as well 
be fndneed t f gazine t If , en g meers a11 over the country could 
c“ d S t0 f0nvard t0 Jthe Industrial and Domestic Power 

S Srtai-n indn 6 ?- nce l and d fi a 0n the sub J' ect of electric drive 

work of th fcnr? ieS + V nndoubtedly help to make the 

work of this committee of the greatest value to all Industrie 
interested, and to the econnmiV Ufa r>f inaustnes 

S H Harricnn u ! 1 ^ ? * °l the natlon as a whole. 

e „p d 7' ffff son abstracted by A. M. Dudley): I was inter- 

output ‘of crasTers^rSirete^^ShTSf 0 ” f th ^ 
length $*££%£ ^ di “ “ d 

formula for kilns operating on dry^SeriaT glV6S th ® followin & 


D-L 


C 


where C _ capacity in 24 hours in barrels of Ik 
1 Z f Utside dia ®eter of kiln in feet. 

JL* ~ lf*Tl O+li r\f * jv * 
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From data which I have collected concerning the output of a 
large number of kilns it appears that the output is not propor¬ 
tional to the volume of the kiln, but to the heating surface or 
very nearly so. Assuming then that the capacity of the kiln is 
directly proportional to its diameter and also to some function 
of its length, the following formula was assumed 
C = KDL n 
where K = a constant 

D = diameter in feet 
L = length in feet 
n = constant 

C = capacity in barrels of 380 lb. per 24 hours. 

From the data which I had covering a large number of kilns in 
actual operation, fired with powdered coal and calcining dry raw 
material, I found the following relationship to hold true 
C = 0.95 D L 0A 

^ plotting the value 0.95-L 0 *'* against L as abscissas the 
resulting curve was almost a straight line, so much so that for 
practical purposes the formula 
C = 0.6 DL 

can be used giving results which are a trifle lower for values of 
L undei 100 ft. (30.4 m.) and at trifle higher for values above this 
number than that given by the exponential formula. In view 
of the fact that different cement companies obtain different 
results from kilns of the same size the formula 
C = 6/10F>L 

may be depended upon to give results which very closely agree 
with the outputs obtained in practise. 

The table below may be of interest. 


Size of kiln Formula 


Results obtained 
Formula in practise 


5 ft. x 60 ft. 
8 ft. x 125 ft. 
10 ft. x 200 ft. 


C= 1/24 
62.5 bbls. 
333 
833 


C = 6/10 D L 
180 
600 
1200 


160 to 200 
550 to 650 
1000 to 1300 


The formulas 

c = 0.95 D. L. 0 * 9 , or C = 0.6 D. L. 
are to be used for kilns of commercial sizes; they do not hold 
for kilns of unusual lengths or diameters, for instance, 3 ft. in 
dia. x 100 ft. long. In. other words the formula was derived 
from actual kilns operating under practical conditions. 

W. I. Slichter: I would like to say a word of appreciation 
and approval of the policy which this committee has inaugu¬ 
rated in this meeting, the policy of making an organized survey 
and study of the various industries included in the scope of its 
activities. These matters have been discussed at their commit¬ 
tee meetings and. the conclusions arrived at have been presented 
to the Institute in the form before us. 
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starting torque in per cent of normal full-load torque needed for 
each kind of cement machine would be a good indication as to 
whether a synchronous motor might be used. Doubtless some 
applications could be made without the use even of a clutch. 

. Williamson: The question of squirrel-cage and slip- 

ring motors has been brought up. I think there is no doubt 
that in the past there has been more or less prejudice against 
slip-ring, motors in cement mills. Squirrel-cage motors were 
sometimes forced to do what they were not designed to, and 
could not do, to the best advantage. The prejudice against 
the wound-rotor motor was due to the fact that they had col¬ 
lector rings, and cement mill operators were afraid there would 
be more or less trouble with the brushes. In the later plants 
slip-ring motors are being used more, and the fact that mills 
have become so much larger, and must use larger motors, has 
forced this to a large extent. 

. There was one point regarding which I hoped to hear more 
discussion, and that is the possibility of using synchronous 
motors, to a greater extent in this work. For example in a ball 
mill or tube mill, the load is very steady after the mill is once 
started; the amount of power required is large, and if synchronous 
motor can be used for that work it would be quite an advantage. 
The tendency in the newer mills is to cut out belting and use 

lower speed motors, some of the motors being as large as 400 or 
500 h. p. 

Most engineers agree that in the future there is going to be 
a great deal of development in the way of supplying power from 
large central stations over wide districts. For a number of 
reasons, not necessary to go into at this time most of this power 
will be generated at 60 cycles. The 60-cycle frequency, com¬ 
bined with the low-speed induction motor, makes a bad combi¬ 
nation from the point of view of power factor, especially with 

motors having a liberal air gap, such as is necessary for cement 
mill work. 

Synchronous motors on ball mills and tube mills would be 
a great aid in keeping up the power factor on the plant as a whole, 
and their successful use hinges very largely on the operation of 
the clutch between, the motor and the mill. There is always 
more or less prejudice against the use of clutches, but there are 
some successful installations of this kind in foreign mills and 
some installations in this country at the present time. These 
use a magnetic clutch, and it is possible to arrange a magnetic 
clutch, with an automatic resistance which will gradually in¬ 
crease the exciting current on the clutch and thus giving a grad¬ 
ual gripping effect so as to start the mills. The synchronous 
motor in addition to its high power factor has a large air gap; 
it is very simple mechanically, and aside from the clutch and 
the added complication of providing exciting current for it, it 
seems to me there is no reason why it may not be adapted to 
this work in the future. 
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ELECTRIC POWER GENERATION IN ONTARIO ON 
SYSTEMS OF HYDROELECTRIC POWER COMMISSION 


BY ARTHUR H. HULL 


THE Province of Ontario is the largest and most populous 
of the Provinces in the Dominion of Canada, having 
an area of 407,262 square miles and a population (census 1911) 
of 2,o23,274. Ontario s population is about 35 per cent of the 
total of Canada s population, and its area is 10.9 per cent of 

the total area of the Dominion. Ten per cent of its area is 
water. 

Ontario has developed into the greatest manufacturing 
Province in Canada and as there are no coal deposits in the 
Province, its abundant water power resources are being more 
and more utilized to furnish the power required for its varied 
and increasing industrial development. Other fuels, such as 
natural gas and petroleum are found in the southern part of 
the Province, gas along the north shore of Lake Erie and petro¬ 
leum near Sarnia. The natural gas supply, however, is in¬ 
sufficient for present purposes and the quantity of petroleum 
produced does not begin to meet the needs of the Province. 
The demand for electric power has increased during the past 
ten years to such an extent, that, with the war industries in 
operation, it became necessary to impose restrictions on private 
<and municipal consumers in order to provide the power required 
by the war industries. The great saving in coal effected by 
the use of electric power in Ontario's industries is one of the 
xnost important aspects of the electric power situation, and 
further great savings can be, and will be before long, brought 
about by the electrification of the steam railroads. 

Mr. H. G. Acres* in a monograph on Water Powers of the 
Province of Ontario, written in 1915, giv es the following sum- 

Hydraulic Engineer, Hydroelectric Power Commission. 

1607 



1608 


HULL: ELECTRIC POWER IN ONTARIO [Nov. 22 


niation of water power capable of development, and of water 
power already developed in the Province. 

Division Potentiality Developed. 


Ottawa River & Tributaries . . 
Great Lakes Tributaries... .. . 

Hudson Bay Slope. 

James Bay Slope.. 

International Boundary Rivers 


688,000 h.p. 
446,000 “ 
250,000 “ 
1,500,000 « 
2,045,000 “ 


71,000 h.p. 
137,000 “ 
22,000 « 
70,000 « 

462,000 “ . 


4,929,000 h.p. 702,000 h.p. 


Of the above total for power developed, about 69,000 horse 
power is used in pulp and paper manufacture, about 59,000 
horse power is used as hydraulic power directly applied, and 
the balance 574,000 horse power is converted into electric 
energy for light and power. 

This paper will deal only with the generation of electric 
power by the Hydroelectric Power Commission of Ontario 

which is now the largest producer and distributer of electric 
energy- in the Province. 


T* e Hydroelectric Power Commission of Ontario, which 
will be referred to hereafter as the Commission, was formed 
by the Ontario Government in 1906, and first furnished power 
over its 110,000-volt lines from Niagara Falls in October 1910, 
the power being purchased from the Ontario Power Company of 
Niagara Falls, Ontario. It was not until August 1st, 1917, 
that the Commission obtained direct control of the generation 
of power a,t Niagara Falls, through the Ontario Power Com- 
™ other parts of the Province, the Commission had 
s arted to develop its own power by constructing a hydro¬ 
electric plant at Eugenia Falls on the Beaver River near Flesher- 
on, which was put into operation in November 1915, and 
one at y, asdeh’s Falls on the Severn River which was started 

LvnurT m 1914 ' In 1914 the Co ^ion squired 

venLtbT 36 * ? &mC £ e RailWay and Power Company, whose 

the Electric Power C'-P-v 

on ,h. South R iw nea - Nipi £T;- e ~X TZ 
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at Peterboro, and on Trent River at Healy Falls, Frankford, 
Campbellford, and Trenton. The operation of the equipments 
thus acquired was placed in charge of the Commission in June 
1916. 

The various areas in the Province served by the Commission 
are designated by Systems as follows 


System 

Main 

transmis¬ 

sion 

voltage 

Frequency 

Phase 

Power 

obtained 

from 

Port Arthur System. 

22,000 

60 

3 

Kaministiquia Power Com¬ 
pany 

Nipissing System. 

22,000 

60 

3 

Commission’s Nipissing Sta¬ 
tion 

Muskoka System. 

22,000 

60 

3 

Comm’n South Falls Station 

Wasdell’s Falls System.... 

22,000 

60 

3 

Com. Wasdell’s Falls Station 

Severn System. 

22,000 

60 

3 

Com. Big Chute Station 

Eugenia System. 

22,000 

60 

3 

Com. Eugenia Station 
' Com. Healy Falls Station 
Com. Auburn Station 

Central Ontario System. .. 

' 44,000 

60 

3 

i Com. Ca.npbellford Station 
Com. Frankford Station 
Com. Trenton Station 

St. Lawrence System. 

26,400 

60 

3 

V 

M. F. Beach Company 

Rideau System. 

25,700 

60 

3 ; 

Rideau Power Co. 

' Co mm’s Ontario Power 
Co’s Station 

Niagara System. 

110,000 

25 

3 

f Canadian Niagara Co. 

| Electrical Development Co. 

, Queenston Development 
k (future) 


Port Arthur System 

In the Port Arthur System, power is purchased at 22,000 
volts, three phase, 60 cycles from the Kaministiquia Power Co., 
and is delivered to the City of Port Arthur at 22,000 and at 
2200 volts, part being transformed in the Commission’s Trans¬ 
forming Station in Port Arthur, containing two banks of trans¬ 
formers, each consisting of three 750-kv-a. units connected 
star-delta with neutral ungrounded. 

The first delivery of power was made on December 21st, 1910. 
The demand has been steadily increasing and in order to take 
care of the future requirements, the Commission now propose 
to construct a hydroelectric station on the Nipigon River at 
Cameron’s Pool, about 80 miles from Port Arthur, which will 
have an ultimate capacity of about 50,000 horse power. The 
engineering work is now under way for this development. It 
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is proposed to transmit the power at 110,000 volts, three phase, 
60 cycles, to Port Arthur. Three other power sites on this 
same river, when developed, will, together with the Cameron’s 
Pool site, give a total of 150,000 horse power. The needs of 
the Port Arthur district should, therefore, be amply provided 
for, but if additional power should be required for this district, 
another site is capable of development at Silver Falls on the 
Kaministiquia River about 25 miles from Fort William where 
with a 350-ft. head a total of 25,000 horse power can be developed. 
At the present time the electric energy supplied at Port Arthur 
is used for operation of the street railway, for public and domes- 
tic lighting, and for large grain elevators, ship yards, coal docks’ 
and miscellaneous industrial purposes. 

Nipissing System 

The Nipissing System, formerly controlled by the Nipis¬ 
sing Power Company, comprises a generating station on the 
South River near Nipissing Village, sub-stations in Callander, 
Powassan and North Bay. The Transmission system comprises 
26.5 miles of 22,000-volt, three-phase circuit on wooden poles. 
The generating station contains two 450-kw. three-phase 2200- 
volt 60-cycle 450-rev. per min., horizontal generators with 
12.5-kw. 125-volt direct-connected exciters, each unit direct 
coupled to a water wheel of 925 b.h.p. at 86 ft. head. A 37.5-kw. 
125-volt motor-driven exciter is also provided. Three 300*kv*a., 
2200/22000-volt single-phase water-cooled transformers con¬ 
nected delta-delta are installed, with one 22,000-volt outgoing 
feeder. 

Water for this plant is taken from the South River through 
an open canal 900 ft. long, then through a wood stave pipe 
6 ft. diameter 2300 ft. long to a differential surge tank 72.5 
feet high, close to the power house, a steel penstock connecting 
thence to the turbines. The storage pond has an area of about 
100 acres and the drainage area of the river is about 350 square 
miles. 

Provision was made for extension, and by additional storage 
works, it is possible to increase the capacity to 2500 horse power. 

Muskoka System 

The power house on the south branch of the Muskoka River 
at Muskoka Village was formerly owned by the Municipality 
of Gravenhurst and was taken over by the Commission in the 
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latter part of 1915, and has been remodelled and enlarged, and 
now supplies power over a single circuit 22,000-volt, three- 
phase, 60-cycle line about 26 miles long to Huntsville, and at 
6600 volts three phase, 60 cycles, to the Municipality of Graven- 
hurst over the Municipality’s line. 

The equipment in this station now comprises one 450-kv-a., 
three-phase, 6600-volt, 720-rev. per min., 60-cycle generator, 
direct connected to a 500 b.h.p. turbine; one 750-kv-a. similar 
720-rev. per min. generator, direct connected to a 1000 b.h.p. 
turbine; one bank of three 400-kv-a., 6600/22,000-volt trans¬ 
formers connected delta-delta; double low-tension bus, and 
single high-tension bus. Four outgoing 6600-volt feeders are 


KEY 

I 1 Generating Stations 
a Distributing Stations 
O Municipal Stations 

- Stations & Lines in Service 

--Stations & Lines under Construction or Proposed 

-Stations & Lines owned by Corporation of Orillia 


4,000 V. . 

T„„ J -22,000 V.? 0wen Sound D. S. 
^ \ 22,000 V. Tie Line 


9 Penetanguishene D.S. 
C.P.R. Port Me Nicol D.S 


Kilsyth _ 

pChesley 0 S.^.000 V 




MUSKOKA SYSTEM 
Huntsville D.S. 


Gravenhurst M.S.j->o-H leUiratfnc 

22,000 V Tie Line |M»V. ^f 11 


Port Me Nicol D.S. _^.Generating ” 


D.S. 


Victoria f Harbor 

no nnn , i i< 


_Generating! 

D.S. J — tA Stati0<1 •* 


Elmwood D. S.d-I 


,, ,, Flesherton 

22,000 V. 4,000 V. 


Hanover D. S. 


22,000 V. 
k Eugenia Falls 
Generating^ 
Station S 


Colfingwood D.S.No.2 22,000 V.-'-AvVaubaushene Sw.Sth 
0 ^rii n ? v lf? od _k-oWaubaushene D.S. / 


EJ^vaieo—f 

JL3» 


>■ ^ y iv- 1 

1 Stayner 

;•! o.s._ 

ii P ’ O— 


22,000 V.-, v, 


e Thornton 


;D. S 


„ ^ Durham 

E c 
a> 52 
O * 

^ g E Q 

Mt.Forest D.S.5^ 


i Holstein * S 

Dundalk 


Arthur? 


2 J>S. “g^CookstownD.S. 
x * k» P— | % t? i -1 

\ \\ CO 44 Ann w ■ 


22,000 V. 


a Cold water D.S. 


|-Camp Borden M.S. 
Barrie D.S. 


x 

^/Orillia y 


M.S. j 

O-— 


co 

Q 




Bradford D.S. 

i Beeton D.S. 


Longford 
M.S. 
j Brechin 
JGamebridge 7 ., 


Swift Rapids 
Generating 
Station 


Wasdells Fails 
Generating 
Station 
22,000 V. 

-A| Beaverton M.S. 


Tottenham D.S. 


4.000 2 ^ | [VjyHoming Mills 


52 


EUGENIA FALLS SYSTEM 


Shelburne D.S. 

SEVERN SYSTEM 


Woodville 

j/ oCannington D.S. 
4,000 Vr'T 

*o 
c z 


cz 

CO 


IWASDELL'S FALLS SYSTEM 

Fig. 2—Diagram of Eugenia Falls, Severn, Wasdell’s Falls, 

and Mlskoka Systems—60 Cycles 


provided, two feeding to Gravenhurst and two for future use. 
ne 22,000-volt feeder leaves the station to supply Huntsville. 

«LT ade in the existin£ ***•* for * s “»” d 

or,? A-n , th ! S statl0n was taken ov er by the Commission, only 
H11 ° , S enerator was installed. The station was re- 
modelled and enlarged for the larger unit mentioned above, 
provision. was made for the extension of the building at 

v-htnTtme?oad d replacin 2 of existi °g units so that, 

three i5oTk! COndltl0ns re q uire there will ultimately be 

, ,'' a ’ 2 enerat ors with a turbine capacity of 6000 

horse power installed. P 7 UUU 
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The present excitation at this plant is provided by a turbine- 
driven exciter for the 450-kv-a. unit, a motor-driven exciter 
for the 750-kv-a. unit, which also has a belted exciter for emer¬ 
gency use, which is so arranged that it may excite either gen¬ 
erator. 

The hydraulic head at this plant is 102 ft. The water is 
conducted through one steel and one wood stave pipe, each 
946 ft. long to the turbines. 

% 

Wasdell’s Falls System 

This system comprises a hydraulic generating station on the 
Severn River at Wasdells’ Falls near Severn Bridge, and sub¬ 
stations at Beaverton and Cannington. Power is transmitted 
to Beaverton and Cannington over a single-circuit steel-con¬ 
ductor line at 22,000 volts, three phase 60 cycles, and over a 
single-circuit aluminum tie line at the same voltage to the 
Commission's Severn System, connecting at Longford with the 
Town of Orillia 22,000-volt lines from Longford via Orillia to 
the Big Chute generating station. 

The generating station which was constructed by the Com¬ 
mission in 1914 is interesting on account of the low hydraulic 
head. The normal head is 12 ft., but variations from 9 to 15 
ft. occur. The equipment consists of two 400-kv-a., 90-rev. 
per min., vertical type 60-cycles, three-phase, 2300-volt gen¬ 
erators connected through flexible couplings,to turbines rated 
at 600 horse power at 100 per cent gate opening with 12-ft. 
head. Two exciters, one 20-kw. turbine-driven, and one 30-kw. 
motor-driven are provided. Two banks of transformers, each 
consisting of three 2200/22,000-volt 150-kv-a. units connected 
delta-delta are installed. Two outgoing 22,000-volt lines were 
provided. 

There are in this system, 37 miles of 22,000-volt circuit and 
23 miles of 4000-volt circuits from the two sub-stations. 

Severn System 

This system comprises a hydraulic generating station on 
Severn River at Big Chute with substations as shown in the 
diagram. 

The generating station as originally built in 1909 by the 
Simcoe Railway and Power Company contained three 900- 
kv-a., three-phase, 2200-volt, 60-cycle, 300-rev. per min., 
horizontal-shaft generators direct connected to turbines each 
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rated at 1300^ horse power under 56-ft. head; two 100-kw. 
580-rev. per min., 125-volt exciters direct connected to 200-h.p. 
turbines; two transformer banks each consisting of three 
600-kv-a., 2200/25,000-volt water-cooled transformers connected 
e ta-delta, with two outgoing 25,000-volt lines. An extension 
to the building has been made by. the Commission during the 
past year, and there is now being installed one 1600-kv-a 
three-phase, 60-cycle, 2200-volt 300-rev. per min. horizontal’ 
generator direct-connected to a 2300-h. p. turbine. The switch¬ 
ing equipment is being rearranged to provide a double high- 
ension us or greater flexibility in operation. Space is left 
tor a third bank of transformers, and for two future 22,000-volt 
me equipments. A double low-tension bus is installed All 
power is transmitted at 22,000 volts, three phase, over fouriines. 
An interesting feature of the transmission lines of this system 

one beinTf 1 STfT / atchedash Ba Y at Waubaushene, 

tower/ m/t 1 l° ng , and ° ne 858 ft - The west shore 

,, , . ft A the middle and east shore towers are 88 

on £? B ' & S ' “ — « -2 

The water“is taken from the river through a canal 500 ft 

thM th - h -— 

Eugenia System 

This system obtains power from a hydraulic generating «t n 

tion constructed by the Commission at Eugenk on the 

River which' was placed in ,° n the Beaver 

* ** ^ service m November 107 ^ 

tensions are now almost completed to nrnvirlo a m a E 
This development is one ofthe ITf doubIe the output. 

and has the distinction of having wift lnterestm « m Ontario, 
hydraulic head of any 

° ot th = ^ <" «-■ ss izz 

The first installation consisted of two 99 h + 
each di ^ct connected to 1410-kv-a tfl 22 ^°- h -P- turbines 
60-cycle 900-rev. ner min h • x V t ^ lree P^ ase ? 4000-volt, 

neutral grounded without resbtance 3 ^ "one^bf S f ei 'f t °5’ S havin g 

kv-a., 4000/25,000-volt tran fn^!’ ^ ° f three 90 °- 

single high-tension and low tensl/ h C< f nected delta-delta, 

volt feeders and two W 

and Flesherton. The extmc^ ° ’ ach to Markdale 

6 extensions cover enlargement of the 
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building to accommodate two additional generating units, one 
of which is now being installed, and for double high-tension 
and low-tension busses, and for six 25,000-volt feeders. The 
new unit consists of a 2810-kv-a., three-phase, 60-cycle, 720- 
rev. per min. horizontal maximum-rated generator direct 
connected to a 4000-h. p. turbine. Each generator has a 
direct-connected 125-volt exciter of sufficient capacity to excite 
two generators. 



Pig. 4—Eugenia Falls—General Plan of Power Development 

on Beaver River 


The success of the development depended upon the storage 
of the water of the Beaver River and for this purpose two large 
storage dams were constructed as shown on accompanying plan. 
From the head works, a wood stave pipe 46 in. in diameter 
conducts the water 3400 ft. to the Johnson differential surge 
tank which is 105 ft. high. From this tank a 52-in. diameter 
steel pipe is carried 1550 ft. to the power house, which is a 
brick building 69 ft. wide, 112 ft. long and 34 ft. high above 
the generator room floor. Actual tests made at this station 
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after the first installation was completed in 1915 gave an overall 

full-load efficiency of 80 per cent which shows how carefully 
the design was worked out. 

Additional power for the Eugenia System will be obtained, 
when required, by the construction of further water storage 
systems and of a second pipe line at the Eugenia Falls develop¬ 
ment and the installation of a fourth unit, also by the construc¬ 
tion of a station on the Saugeen River near Lake Huron which 
operating m parallel with the Eugenia Station will make avail¬ 
able a total output for the system of 15,000 h. p. 

The Eugenia System comprises 245 miles of 22,000-volt cir¬ 
cuit (176 miles of lines) supplying substations at the points 
shown on accompanying diagram, and 50 miles of 4000-volt 
circuits. This system is connected to the Severn System by 
means of a single-circuit three-phase tie line from the Eugenia 
generating station to Collingwood, a distance of 24 miles. 

■O- of tbis tie lme . a nd the tie line from Wasdells’ Falls 

to Big Chute mentioned above, the Eugenia, Severn, and Was¬ 
dells systems are paralleled. The generating station of the 

Biv'ch° f t ° nUl f ° n the SeVem RiVer at Swift Rapids near 
g iu e is also connected into the Severn system 

Central Ontario System 

j! U ’ e main generating stations, one on the Otonabee River 

t h fs Th * River> an ° perating --ppiy 

prepared for new^sl^T' loaded and plans are be ^ 

ZZr tZ Z T nCar CampbellfOTd to provide additional 

companies of the’^ElSri^pTw W& r ^ ^ Subsidiary 
after the operation of this system was Sd'under'Hie^Co 617 

; « ° nt ? ri0 arrangements w“e made' 

to install a new unit m the Healy Falls o- eriPr9 t;^ ^ + ? 

work on the same is now n 0 o • generating station and 

The tollowmg table gives the data relative to th» » ■ 
developments, all generator being threeM I" 5 
«> h 2o per cent overload gn.arantels: P ’ “ CyCfes ' 

In addition to the above stations a mnn i 
60-cycle, 120-rev. per min horiZZ? 10 °°- kv - a -> tb ree-phase, 

Town of Campbellford in its generatin/ s e ta? at ° r ^ th& 

north of the Campbellford station A X ° n ’ & sbort distance 

2400-volt bus in this station. Also at ^eneC < T? lt u Ut t0 the 

generating station is onerated M + • • Renelon Palls, a small 

. operated, containing two 400-kw., 600-volt, 
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Fig. 3—Eugenia Falls 
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three-phase 60-cycle, 200 rev. per min. generators connected 
to two 700-h. p. turbines. These feed into the 44,000-volt net 
work of the Central Ontario system at Lindsay the voltage being 
stepped up in the generating station through two banks of trans¬ 
formers to 11,000 volts for transmission to Lindsay. 

All these stations are on the route of the Trent Valley Canal, 
the dams having been constructed by the Government of the 
Dominion of Canada. 

The Trenton station, known as Sidney Dam 2 development, 
being at Dam 2, section 1 of Trent Valley Canal, about one 
mile north of the Town of Trenton, was placed in operation 
by the Sidney Electric Power Co. in August 1911. The four 
generators feed into a single sectionalized bus, and two 6600- 
volt feeders conduct the current to a transforming station 
across the road, which station also receives the output of the 
Frankford generating station at 6600 volts. Two 75-kw. 
125-volt exciter units are installed, one being a vertical turbine- 
driven unit and the other a motor-driven unit. Each of these 
exciters is capable of exciting all generators at 25 per cent over¬ 
load with 65 per cent power factor current lagging. 

The Frankford station, known as Sidney Dam 5 development, 
is located at Dam 5 on Section 1 of Trent Canal, about four 
miles north of Dam 2. This station was constructed by the 
Sidney Electric Power Company and placed in operation a 
short time after the Trenton station. It has a single unsec- 
tionalized 6600-volt bus and its entire output is fed over two 
6600-volt circuits to the transforming station at Dam 2. 

The Trenton transforming station contains three 3000-kv-a., 
6600/44,000-volt, three-phase, 60-cycle, shell-type transformers 
connected delta-star with ungrounded neutral, double high- 
tension and low-tension buses, switching equipment for three 
44,000-volt lines and for six 6600-volt lines. 

. The Campbellford station, known as the Stephen’s Dam sta¬ 
tion, was first placed in operation in 1909 and is near Dam 1, 
Sechon 5 of Trent Valley Canal. This station contains four 
1 Do-kv-a., three-phase, core-type, 2400/44,000-volt transformers 
and two outgoing 44,000-volt line equipments. Excitation for 
the generators is obtained from two 60-kw. 125-volt exciters 
one turbine-driven and one motor-driven, with two 17M-kw! 
belted exciters for emergency use. The station is situated some 

distance below the dam, the water being conducted to it through 
an open head race. ^ 
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The station at Healy Falls is sit-naf^ri ± 

above Campbellford. Water is conduct a ,, ° U ® even miles 
, i , . , VVcUer ls conducted through steel nen 

“;r d A h h s ~ 

g °L™«or ail is”V“beT„T ta * ed , b t y ; he 

There are three 3750-kv-a three ntaon u n 
44,000-volt transformers installed, wither 

equipment consisting of double 6600-volt buses two 44 OOff 
volt outgoing lines, a sectionalized 44,000-™“ ^ 

bus, rvrth a transformer and an outgoing line forming a“m 
which may be operated independent of the bus Provision s 
made for a fourth generator and transformer and for two addb 
ional high-tension line equipments. Excitation is provided bv 
two 160-few. 125-volt exciters, one being turbine drivet and 

The Auburn generating station is located in the north of 
eterboro on the Otonabee River 1200 ft. below the Auburn 

am 'io!! a r ? taken to the turbines through an open head 
race 1200 ft. long paralleling the river This sTi™ d 

built by the Auburn Power Co and nlaccd 1 ' ? n was 

. U1 v - / °* ana placed m operation m 1912 

id no extensions have been made. The turbines are of the 

14 U ft r dcen r t A 3 ^ 111 T* ^ pit ® 40 ft< long ’ 16 ft ‘ wide and 
14 it. deep. A travelling steel gate 15ft. 3% in. bv 14 ft 3 in 

The r Xtefs W d!s m °d 0 7 d 7 V T l0Wering and hoistin g mechanism." 

in 2^ minutrVo 7““ 

turbme d,™ and one motor-driven, furnish the excitatiof 
ot tins plant. One generator is wound for 2400 volts and feeds 
a section of-the bus from which 2400-volt feeders may be taken. 

. is section of bus is connected to the 6600-volt section of the 
bus through a bank of three 200-kv-a. ; 2400/6600-volt trans- 
oimers. Feeders at 6600 volts, three-phase, connect this sta- 

twolS^lT Taasfoni ’ er sfcatl0n adjacent which contains 
1875-kv-a., three-phase, core-type 6600/44,000-volt trans- 

STnT a n d T °, Utg ° ing 44 > 0 00-volt line connecting into the 
44,000-volt network of the Central Ontario System. Some 

power is also delivered to Peterboro at 6600 volts from the 
generating station. 

The accompanying map, Fig. 1, and the diagram, Fig. 5 
show the location of the generating stations of the Central 
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Ontario System, and the extent of the transmission net work with 
substations. Other power sites along the Trent Valley Canal 
together with those described briefly above will, when developed, 
provide about 60,000 electrical h. p. with a maximum capacity of 
75,000 electrical h.p. The present power output of the system is 
used for lighting, street railway and manufacturing purposes, 
a considerable quantity being required at Campbellford for a 
pulp and paper mill, and near Belleville for cement mills. All 
transmission lines are constructed on wood poles. The total 
mileage of 44,000-volt circuits is 372, with 15 miles of 11,000-volt 
circuit, 16.4 miles of 6600-volt circuits and 52 miles of 4000- 
volt circuits. 



Fig. 5 Central Ontario System 


St. Law'rence System 

Tliis system at the present time has no generating station 
owned b y the Commission. Power is secured by contract 
from the hydraulic station of the M. F. Beach Company at 

^r S \ bUt ?! I am0unt obtainable proved inadequate and 
was supplemented by power obtained from the steam generating 

ation of the town of Brockville. As additional power is needed 
arrangements are now being made to obtain an adequate supply 
from another source, near Cornwall. To take thl power the 

ComwaU °wh S n ° W COnstructin 2 a transforming station near 
Cornwall which will contain one bank of three 1250-kv-a 

single-phase. 63,500/26,400-volt, 60-cycle transformers conn^J 
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star-delta and switching equipment for two incoming 110 000- 
volt circuits and for two outgoing 26,400-volt circuits. 

M^isburf e WinchIster PPl !?Vr Wer t0 Brockville > Prescott, 
Moms burg, Winchester and Chesterville. Pjp- a s }, ow - f r- 

system together with the Rideau system. th 

Rideau System 

A new net work is being developed called the Rideau system 
and covering a district m the neighborhood of the Rideau 
River. Plans are now being prepared for a hydraulic generafW 
station at High Falls on the Mississippi River near Clarendon 
a point about 50 miles northerly from Kingston, Ontario The 


26,400 V. 2,200 ‘/- 


;_j— -o~ _ _ 

High Falls ^ er ® 1 Smith’s Falls 
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Morrisburg D.S.-, 

26,400 V. 


Winchester D. S. W*^heste» 
TTOqq Chesterville 


<0 

CM 


Brockville D.S.d- 


Prescott D. S. i ^™? U J 0S 


ST. LAWRENCE SYSTEM 


5=5 

•S. U-2,200V:f 
hlC Municipality 


—*• North Williamsburg 

no.ooov. 

rl 26,400 V, _ i Cedar Rapids 
Cornwall T. B —*- 


Paper Co. 


Toronto Paper 
Company 


I'm. 0- St. Lawrence and Rideau Systems— 60 Cycles', 

installation at this point will consist of four 350-kw., 2200-volt 
three-phase, 60-cycle, 300-rev: per min. horizontal, generators 
connected to two turbines, one generator being at each end of 

T, 1 " ine «n and i ° ne 875 ~ kv ' a - 80 P er ce nt power factor, three- 
p ase, 60-cycle, 2200-volt, 300-rev. per min generator direct- 

connected to its turbine with necessary switching and trans- 

eC i Ulpment to _ transmit the full 2100-kw. output, at 
26,400 volts to the Rideau system. 

A portion of this system is now in operation, power being 
obtained at 26,400 volts, three-phase, 60-cycles, under contract 
from the Rideau Power Co. at Merrickville, and transmitted 
Q Smith Palls where at the substation the municipality’s own 
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generating stations are paralleled with this system on the low- 
tension bus. 

This system may ultimately be connected with the St. Law¬ 
rence System. 

Niagara System 

The Niagara System comprises all lines and substations 
that receive power from Niagara Falls, and covers the entire 
district from Niagara River to the Detroit River and River 
St. Clair and north to Goderich and Harriston and east to 
* Toronto. Power is received at a transformer station at Niagara 
Falls from the Ontario Power Co. (now controlled and operated 
by the Commission) and from the Canadian Niagara Power 
Company, at 12,000 volts, three-phase, 25 cycles and is trans¬ 
formed to 110,000 volts and to 45,700 volts for transmission. 
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Pig. 9 Curve Showing Monthly Increase of Power Load of 
Municipalities Niagara System October 1910 to October 1918 


1S now installed in the Niagara Transformer station 

i 2 f!°i hr ' a ' ° f 110 ’ 000 ' volt transformers in eight banks and 
42 000 kv-a. of 45,700-volt transformers in four banks, not 
including spare units. Four banks of 110,000-volt units are 
compos of twelve .dOO-kv-a., single-phase, shell-type 12,000/ 
d.oOO-volt transformers, all other transformers being of 3500- 
kv-a. rating. This station, in point of transformer capacity. 

w^NnonT m the world > havin S a tot al capacity of 174,000-kv-a, 
two vW? v Spare UnitS additionaL Figs. 7 and 8 show 

two Mews of this Niagara transformer station. 

fo Ty °^ goin f 110,000-volt circuits feed to Dundas trans- 

SET there p ” er is distri - 

°dfz d s r s “ ns * ihe 

xuetais Company, the Union Carbide Co., and 
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the city of Welland. From this latter point a single-circuit 
45,700-volt line runs to Dunnville. ’ 

This _ system was placed in operation in October 1910 The 
curve m Fig 9 shows the monthly increase in power load 

?n^ Um r C m eS 0n thlS System from October 1910 to October 
1918. This gives some idea of the growth of the system in this 

period but the latter portion of the curve cannot be regarded 

as normal owing to the increase in power required for munitions 
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Pig. 10—Diagram of Stations—Niagara System 


manufacture and the consequent restrictions on other uses to 
cut their requirements to a minimum. 

The transmission net work, see Fig. 1 and Fig. 10, on this system 
contains 760 miles of 110,000-volt circuits; 65 miles of 45,700-volt 
circuits; 529 miles of 26,400-volt circuits; 489 miles of 13,200-volt 
circuits; 27 miles of 6600-volt circuits; 180 miles of 4000-volt cir¬ 
cuits; and 20 miles of 2200-volt circuits. The 110,000-volt and 
45,700-volt circuits are carried on steel towers (with exception 
of,one 45,700-volt line from Welland to Dunnville), while the 
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other circuits mentioned above are standard wood pole line 
construction. 

The Commission early in 1917 purchased the Erindale Power 
Company which had a hydraulic generating station on the 
Credit River at Erindale, 14 miles west of Toronto, containing 
two 600-kw. three-phase, 60-cycle, 13,200-volt, 200-rev. per min. 
generators, each direct-connected to a 1000-h. p. turbine de¬ 
signed for a 60-ft. head. The present operating head is about 
50 ft. Water is carried from the dam to the power house 
through a 12 ft. 6 in. diameter tunnel 900 ft. long. Two 60-kw. 
belted exciters furnish the excitation. 

The output of this generating station is now transmitted to 
Cooksville transformer station at 13,200 volts, 60 cycles, 
and is fed into the 13,200-volt, 25-cycle bus in that station 
through a 1000-kv-a. 60/25-cycle frequency changer set, aug¬ 
menting the power supply on the Niagara system, and serving 
also to raise the power factor at the Cooksville station. 

It is not the writer’s intention to describe the plant of the 
Ontario Power Co. as descriptions of this plant have appeared 
m the A. I. E. E. Transactions (See Volume XXIV 1905, 
p. 807). Extensions to the plant have been made since then 
until, when the operation was taken over by the Commission 
m 1917, the generating station contained 14 generator units, 
generating 12,000-volt, three-phase, 25-cycle power with a 
total rating of 149,012-kv-a. The original excitation scheme 
had been changed by the Ontario Power Company and a very 
complete description of this scheme as it now exists may be 
found m the Electric Journal Vol. 1914 p. 612 in article by'Mr. 

J. A. Johnston. The distributing station of the Company 
contains the 12,000- 30,000- and 60.000-volt buses, the 

transformer banks and the outgoing line equipments - and the 

r ° rC j° m ° r the The switching scheme as originally 

_ 1 t -° U r a ® be ® n consi derably re-arranged the buses being 

beiL du?t T C ° nneCted thr ° Ugh reactors ’ these 
lame nmnnrf ^ amount of P° wer generated and to the 
la rge proportion leaving the station at generator voltage. 

extensionrtoThe 11 generating stettn" 0 ThTb id*™ 
extended north abl so ft Ld ftwid p" line o^te “ "Z 
nature consisting of wood , OI tem P orar y 

Two additional generating units « P k P * 1S . bemg constr ^ted. 
at 15 OOP Vv « 8 t g units are bein g installed each rated 

la,000 kv-a. maximum rating at 75 per cent power factor 
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These new generators are the same speed as the previous units 
namely 187.5 rev. per min. and the frames are the same size 
as the 8775-kv-a. units most recently installed. They have 
however a higher temperature guarantee and are so designed 
that they may be operated as synchronous condensers at zero 
power factor if it ever becomes necessary to remove them from 
this station. These generators were made in Canada, under 
wai conditions, and all parts, except the laminated steel and 
the insulation, were produced in this country. This speaks 
well for Canadian industry in these trying times. 

Each of these new units is excited by a 125-kw. 250-volt 
motor-driven exciter, thus extending the excitation scheme 
referred to above. 

The Ontario Power Company obtains some power from the 
Electrical Development Company’s generating station at Niag¬ 
ara, this being brought into the distributing station on two 
incoming 12,000-volt feeders. When the present extensions to 
the distributing station are completed, there will be six main 
bus sections connected together through reactors. Three of 
these bus sections will supply the power delivered to the 12,000- 
volt bus in the Commission s transformer station to which the 
feeders from the Canadian Niagara Power Company are also 
connected through a bus reactor. The concentration of gener¬ 
ator capacity on this 12,000-volt bus is consequently very great 
and has necessitated material changes in the switching equip¬ 
ment and bus construction, .die studies covering the installa¬ 
tion of reactors on this 12,000-volt system have been most 
interesting. As these studies are still not fully completed, 
no diagram of the connections for the Ontario Power Company 
stations and the Commission’s Niagara transformer station 
can be shown at this time. It will be sufficient to state that 
there is no 12,000-volt bus in the generating station, and that 
each generator feeds through an automatic oil circuit breaker 
in the generating station to its individual cables in the cable 
tunnels up the hill, thence to its group of circuit breakers in 
the distributing station where switching arrangements are such 
that each generator and each feeder may be connected to either 
of two bus sections. In the Commission’s Niagara trans¬ 
former station there is a single sectionalized 12,000-volt tr ansf er 
bus system so arranged that feeders are connected through an 
auxiliary bus to the main bus or direct to a transformer bank. 

It is of interest to note that the cables for the two new 15,000- 



1626 


HULL: ELECTRIC POWER IN ONTARIO [Nov. 22 

kv-a. generators were purchaser! , 

made on manufacturer*’ 5 f , laboratoi 7 tests were 

losses and tendencv of P “ ]° determine the dielectric 

on dielectric losses were obSSdfJ 0 th^ guarantees 
Another interesting f • d f 0m the contractor, 
entering the r st ^.P olnt m connection with the feeders 

Of 2 2e ST? 1 ta ” sfOT ™’ station is that sight 

the earth without ducts UC Th’ armored cables Iaid directly in 

shaped conductors with a/qo^ armored cables all have sector- 
a lead sheath anfl j ,, ^~ ln ‘ x 8/32-in. paper insulation, 

and jute covering Th^ 6 St6el tape armor with i ute bedding 
and two and three fee/ ^ f IaCed tbree feet below the surface 
of way. Where these burSd center to center on private right 

cables, arrangements are provSe? t^ 085 ^ a ° ntaming other 
earth either by sprays above the d t m ° 1St l en the Grounding 
ground. Pi gs 1 1 and 1 2 h _ sur face or by porous tile in the 

stallation Fi^.'in *ho! 12 S 16WS ° f this armored cable in- 

the cables being in 6-inch castTron^^ pipeSlat lstreet crossing, 

& ncn cast lron pipe across the street. 

w d ' HE Queenston Development 

Ontark^Powe^Q^^p^^ ^ with the 

by many that such amount of ’ ° 56 P ° W6r ’ was thou g ht 

ment for many years Tfo* P °T W0Uld meet the re( 3 uire - 
in 1915 that is “in 5 veer* f SU f ply was however exhausted 

and the additional power leZredl/ ^ ddivery ° f power ’ 
Canadian Niagara n d y arran ? ements with the 

meet the demands. It beca^neces^Sr^ f'T t0 

a new development to secure fl 1/tt therefore to look to 
decision w'as to proceed with a a f Ether su Pp!y and the final 
ton Development which is autho ? called tha Q^eens- 

Ontario Government in April m 17 f, Act ? assed b y 

Development Act. called The Ontario Niagara 

Between Lakes Erie a.nfl riw,+ • u.i 
elevation of 330 feet. Thp , arl ° there is a difference in 

the Canadian side at Niagara F^if net , head now utilized on 
is entitled to divert 36 000 cu ft 18 ab ° Ut 160 ft Canada 

River, and of this amount bv an nT ^ ^ the Niagara 
Council in 1915, the CommiL ° ntano Gov ernment Order in 
*coni The o2o‘" 0tted 6610 “• f *' P« 

cu. ft. per second, so that within “ pany were allotted 11,180 

there is now available 17 799 cu ft 6 C ° ntro1 of the Commission, 

,/ay cu. ft. per second. 
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Fig. 12 Armored Cable Installation 



Fig. 14 —Queenstown Power House Site [hull] 
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To obtain the greatest amount of power from the water 
available, after careful surveys and. studies, it was decided to 
locate the generating station just above Queenston, and to 
take water from the Niagara River, through the Welland River 
(reversing the flow in same) and canals encircling the City of 
Niagara Ralls to Queenston. The first canal is now under 
construction and the accompanying map of the Niagara Dis- 

trict, shows its location. Fig. 13 shows a general plan of this 
scheme. 

The total length of waterway from the Niagara River to the 
generating station site is about 12kj miles, 4jf4 miles of this 



Fig. 13 General Plan of Niagara Power Development—Hydro- 

Electric Power Commission 


distance being in the Welland River, and the balance in an ex¬ 
cavated canal. The net effective head will be about 305 ft. 
and the first canal is normally designed for 10,000 cu. ft. per 
second at minimum low water. 

i he generating station will be located about one mile up 
stream from Queenston, in the Gorge just at the end of the 
last rapids in the river. At this point the banks are steep 
and short penstocks only will be required. Provision is being 
made for extensions, and right-of-way for two additional canals 
has been purchased. Fig. 14 shows a view of power house site. 

To show the effect of utilizing the greatest possible head 
of water, it may be pointed out that about 30 h. p. will be 
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developed for each cubic foot per second in this development, 
whereas about 14 h. p. is all that is obtained in existing plants 
at Niagara Falls. 


The development now under construction is designed as 
regards canal, forebay, gate house substructure and power 
house substructure, for a capacity of 300,000 h. p. It is pro¬ 
posed to construct the gatehouse and power house superstructure 
for an initial installation of 200,000 h. p. in four units. The 
designs are made so that extensions of power house and gate 
house can be made to almost any extent. Future plans contem¬ 
plate the use of 100,000-h. p. units. 


The turbine speed has been fixed at 187.5 rev. per min. and 
specification for the generators are now being issued callin g 
for 45,000-kv-a., 80 per cent -power factor, 12,000-volt, three- 
phase, maximum-rated generators of vertical type equipped 
uith thrust bearings to take the weight of the rotating part of 
the generator plus the downward thrust of the turbines. Direct- 
connected exciters mounted above the thrust bearings are pro¬ 
posed. The generators will be liberally equipped with embedded 
temperature detectors so that close and accurate observations 
may be kept of operating temperatures. The specified maximum 
temperature of any part of the generator at rated load is 100 
deg cent with cooling air at 40 deg. cent. The ventilation 
pro . em or such units is of great importance, each unit re¬ 
quiring approximately 125,000 cu. ft. of air per minute. Plans 
tor the switching equipment and transforming equipment are 
now being developed and as they are not in final form, it is 

b° t m 6 o f Ve any detail descri Ption. It is proposed to 

omers oo - 3 ’ ^ S6Ctionalized . buses, banks of trans- 

fonners consisting of three 15,000-kv-a„ single-phase units, 

one bank y of U t 7 3witchm g equipment so that one generator, 

will be a unit ^ °U leTS ’ and one out £omg high-tension line 

. 11 b a unit ' Bus tie reactors will be provided and the short 
circuit current will he ’ ana tne short- 

-“r - - *■£ r* - sifcly be 

p»™ «Sdfoohe‘staal 0 ^ SerViC l *“ erato, ' s *° s “PP'y 

mchiae shop> to “ P " mPi ” g> 

w °?r this 

Two large electrically operated Tevol 6 e ° tn ^ P ov * eT as po s sible. 
With an eight-cu. yd. bucket for earth em^Cnd 
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to handle a five-ton bucket in rock were provided. See Fig. 15 
The larger of these two shovels has a boom 90 ft. long and a dipper 
stick 80 ft. long, while the smaller shovel has a boom 80 ft long 
and a dipper stick 58 ft. long. Each shovel has motors of a 
nominal total rating of 715 h. p. on a half-hour rating. Three 
shovels weigh over 300 tons each and have a capacity of 5000 
cu. yd. of earth per day. Five other electrically operated 
shovels are also provided having bucket capacities ranging from 
7/8 to 4^2 cu. yd. 

The railway equipment of the construction work includes 

150 dump cars of 20 cu. yd. capacity each, six 40-ton steam 

locomotives and twelve 50-ton electric locomotives, as shown 
m Fig. 16. 

The electric power required for shovels, trains, air compressors 
etc is obtamed from the Ontario Power Company’s station 
and is transmitted over two overhead feeders to the Whirlpool 
Substation located near the Whirlpool. A similar substation 
will shortly be erected near Montrose on the southerly section 
of the canal. The Whirlpool substation is of semi-permanent 
■construction and contains switching equipment for the two 
12,000-volt incoming lines, andfor three 1500-kv-a., 12 000/4000- 
volt transformers, four 500-kw. 600-volt, d-c. synchronous 
converters with their 12,000-volt transformers. An adjoining 
room contains eight air compressors of 1000 cu. ft. per minute ' 
capacity each against 125 lb. pressure, belt driven from 550-volt 
motors, supplied through two banks of 200-kv-a 2300/550 

volt transformers. Air is distributed up and do™ thednai 

for a distance of three miles from this substation to operate 
rock drills, channellers and forges, etc. 

Power is distributed up and down the canal by 4000-volt, 
25-cycle, three-phase, four-wire, grounded-neutral circuits to 
which the shovels are connected through flexible armored cable. 

A double track railway has been built for the full length of the 
canal with a branch to the main dumping point at St Davids 
These railway lines are electrified, the trolley wires being offset 
to one side of the track so as not to interfere with the shovels. 

Ihe substation at Montrose will be identical with that at 
Whirlpool and it will similarly serve to supply power for the 
work on the upper end of the canal. 

The extensive use of electric power on the construction of 
works of the magnitude of this development is working out well 
and is resulting in a great saving of coal. 
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The enormous amount of power to be transmitted from this 
Queenston development involves much engineering study to 
work out a solution particularly when it is borne in mind that 
a large amount of capital is invested in existing stations and 
lines operating at 110,000 volts. These studies are now under 
way and it is to be hoped that at some later date, there will 
be placed before the Institute a more complete description of 
this Queenston Development and its transmission lines con¬ 
necting in to the Commission’s Niagara System. 

For those who wish further information on the subject of 
electric power generation in Ontario, reference may be made 
to the following: 

1. Annual Reports of Hydro Electric Power Commission 
of Ontario from 1908 to date. 

2. The Power Commission Act with Amendments—Ontario 
Government. 

(( J*' Reporfc °f Commission of Conservation, Canada, on 
Water Powers of Canada” 1911, also 8th Annual Report 
(1917) of this Commission. 

Re P° rt of Dominion Water Power Branch (Canada) on 
Water Powers of Canada.” 

Volumes of Canadian Engineer” Toronto. 

6. Volumes of "Electrical News” Toronto. 

7. Transactions of Canadian Society of Civil Engineers, (now 
the Engineering Institute of Canada. 
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Discussion on “Electric Power 
(Hull), Toronto, CAN^TNovSl^ms" ° NTARI °'’ 

up H a has built 

miles of 110,000-volt transmission in s 6 (1 ’ 223 km -> 

former station in the world-174 000 kv a ^ tv J a 5 est r trans ' 
capacity. The engineers of theTommJsionwt SmTnv 

stations, the drawings ton tSl^eTXnSg'SuS^ 
location and dimensions of transform Pr c 0 „,4 -“h , mc ™mg the 

for various sized stations for 110,000 46 000 ^OOff 
volt substations. This standardization ^ 

tlTatTon nng t0 the ma ™ fac ^rer and in the eLtTon of 

It is a matter for congratulation to the engineers of the Com 
mission and to the manufacturers associated in the work to 

how successfully the 110 000-volt trarot^ n tne ^ or f to see 
paratus have performed their work mers and other ap- 

I am very sorry Mr. Hull did not have time to tell M 
early operation of these plants, and possibly some time later hi 

med to Inch ™“2to„ C t e a C f» S ,to that date d “l»pS o! 

a. a to such an extent as at the present time, and due to linp 

double at the start of operation which occurred frequentlv 

trouble developed m the circuit breakers due to the cSboiS 

tion of the oil fiom fiequeiit openings, and also to the great 

amount of power in the arc under short-circuit conditions The 

sendee blGaker t&nkS WGre n0t Strong enou S h for this abnormal 
irnnr d< n emed ^ f ? r ^ trouble in 1910 > w as to connect two 

l eaZ wh ° ne a resistanc ° 

DreaKci wmui tripped hrst. The 110,000-volt resistance was 
made up of ca«t iron grids mounted on pillow-type porcelains 
The use of this resistance breaker alone permitted operation at 
that time and I believe is still giving satisfactory service. ■. 

The Queenston development, when completed, will be the 
largest in size of any of the hydroelectric developments both 

“wT 7 “V he “ al “PadtToSaW 

W. G. Hewson. 1 would like to ask Mr. Hull, or any other 
person who can advise us, regarding the relative efficiency of the 
various plants in the Niagara district, for instance the DeCew 
plant These are days of efficiency and you must make full 
use of everything you have. I think there is an advertisement 
running through the papers which asks the question “How manv 
hides has a cow? ’ which would seem to indicate that all the 
hides must be used. Those of us who attend our own furnaces 
know that the coal mine owner is selling us not only his coal but 
the rock and earth found along with it. ’ 

I noticed an article the other day in a hand book published 
by the Institute in 1904 describing the developments found in 
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existence at Niagara Falls. Apparently the plants that are 
no\v supposed to be inefficient were then regarded as highly 
efficient, when compared with the three former schemes that had 
been proposed for utilizing the power at Niagara Falls. The 
first scheme was a pneumatic one in which air compressors in a 
central power house were to be driven by turbines and the air 
then piped to air motors in surrounding plants. Another scheme 
was to run horizontal radial shafts from the generating station 
and connect the various plants to these shafts by means of 
clutches. 

Arthur H. Hull: Answering Mr. Hewson’s question, I will 
say we have no efficiency figures available for the machines in 
the Queenston plant. I do not think the time is opportune to 
make any comparison. It is hard to say whether the generator 
efficiency will be 95 or 96, or whether the turbine efficiency will 
be 90 or 85. The designers calculate on certain figures, but they 
may or may not get them in these large units. The units are 
particularly large. I believe it is the largest hydroelectric tur¬ 
bine that has been built for this head and the generators are 
the largest of the type made for the speed. 

Personally, I have no figures on the efficiency of the De Cew 
Falls plant. If Mr. Acres were here, he could probably give 
some idea of it. 

Thomas A. Worcester: I was in touch with the earlier de¬ 
velopments of the hydroelectric transmission schemes, and I 
marvel when I look at the diagrams which Mr. Hull has shown 
to see how the whole undertaking has grown. It is many times 
larger than was anticipated when the' original layout was made. 

There is one thing which I think is quite noticeable, the original 
110,000-volt distribution system was developed for 25 cycles. 
On all of the smaller systems throughout the northern part of 
the territory, the development seems to tend toward 60 cycles. 
There must be a definite reason. We possibly all know the 
reasons for the early development of the 110,000 volts and 25 
cycles, but we may not know why the other developments were 
made at 60 cycles. I think it would be interesting if Mr. Hull 
would explain this. It is also noticeable that the new Queenston 
is to be made at 25 cycles. Furthermore, it is proposed to make 
the high-tension voltage 110,000 volts. There is no doubt a 
reason for this. Possibly the load can be picked up within the 
range of 110,000-volt distribution, but when we notice the ex¬ 
tremely large territory to be covered, and the fact that there is 
a large concentration of power at the Falls, and possibly not 
so much available in the northern part of the province, one won¬ 
ders whether 110,000 volts will be sufficient for the ultimate 
development of the Queenston plant. 

I believe Mr. Hull mentioned 300,000 kv-a. as the immediate 
prospective development. No doubt, this will not be the ulti¬ 
mate, but perhaps it will be a million. Will 110,000 volts be 
suitable for distribution for 1,000,000 kv-a? I think if Mr. 
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Hull could answer a few of these points in detail, it would be 
interesting to all of us. 

Arthur H. Hull: . In regard to the 60-cycle frequency for the 
smaller system, I will point out that these systems were acquired 
by the Commission througli purchase, and they had themselves 
grown from small isolated steam plants, plants where possibly 
133 cycles were used, and 60 cycles was the next step. 

On the Central Ontario system, I believe, the decision 
use 60 cycles was made on account of the feeling at that time 

that 25 cycles did not give the most beneficial results for incan¬ 
descent lighting. 

In addition, their transmission distances are comparatively 
short. The Central Onturio system has power houses scat¬ 
tered through its system. The Wasdell’s, Muskoka and Eugenia 
systems are in a district whose adjacent sections were served 
by the Severn system which. operated at 60 cycles and naturally 
followed the frequency of the Severn system. 

As to the system near North Bay, that was served by a steam 
plant in North Bay, operating at 60 cycles, and the generating 
station was built for 60 cycles, in order to be able to parallel 
with the steam plant, and that steam plant is now being used 
at North Bay as an auxiliary serving as synchronous condensers 
for voltage regulation or for emergency supply as conditions 
demand. 

As regards the use of 110,000-volts on the transmission lines 
from Queenston you have asked a big question. It is a problem 
we are working on at the present time. The possibilities are 
that the plant will be built for about 190,000 volts, which is 
the Y voltage of 110,000 volts. The transformers may be 
operated at 110,000 volts delta to start with. 

There will be no necessity for paralleling the low-tension side 
of. the Queenston plant with the other generating stations at 
Niagara Falls, so that they could be paralleled on the high 
tension with the Queenston low-tension bus out of phase. The 
present indications are that there will be 110,000 volts for Toronto 
for many years to come, and there may be 190,000 volts trans¬ 
mission in the western districts by new lines, that is, the district 
extending to Windsor. 

But the whole problem has not been solved yet, and we are 
making a lot of calculations on voltage regulation of lines, syn¬ 
chronous condenser application, and things of that kind, and 
until these are actually completed, I would not like to say it 
will be this or that. I do not see any great difficulty in using 
190,000 volts, and the chief trouble at present is possibly in the 
circuit breakers. I do not think the transformer manufacturers 
are afraid of the proposition in any way, and I believe that the 
circuit breaker manufacturers are ready to take it on. The 
whole question works out on the basis of voltage regulation and 
line loss. 

E. M. Ashworth: There is just one feature which I note has 
not been emphasized, and which is a feature of interest, par- 
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ticularly no doubt to our visitors from the other side, and that 
is, that this large, and I think successful, system has been initiated 
and carried out under public ownership. 

H. R. Summerhayes : I would like to ask Mr. Hull what 
difficulties they have in the matter of regulation of voltage. 
We usually think of 110,000 volts as a trunk line transmission, 
and this seems to be a system where it is 110,000-volt distribu¬ 
tion with power taken off at various points. Is it necessary to 
use synchronous condensers to get good voltage regulation? 
Also, is it contemplated to connect the Niagara Falls and the 
Toronto district with other parts of the Dominion, by trunk 
lines of high voltage? 

Arthur H. Hull: In answer to Mr. Summerhayes, I might 
say that we have at the present time 8000 kv-a. in synchronous 
condensers operating in Toronto. There are some synchronous 
motors operating at Hamilton, some at London, but there are 
not very many in this south western section. We have a double 
circuit line to Windsor, and four circuits from Niagara to Dundas, 
and we find sometimes during periods of light load, we can cut 
out a section of line and get some regulation in that way. It is 
not possible to vary the bus voltage very much at Niagara Falls 
at the present time, that is, the generating bus voltage, owing to 
the fact that the bus sections are tied together through reactors 
and there are other customers of the Ontario Power Company, 
that have to be looked after. Some of the smaller stations have 
potential regulators, working on voltages of 4000 or 2300 volts, 
of capacity sufficient to handle the lighting load of the towns, 
and we have not had very much trouble with line voltage regu¬ 
lation. It would be better if we could vary the voltage at the 
generating station to take care of it. 

The next step would be to put synchronous condensers 
at various points in the system. As a start on that, we recently 
installed 8000 kv-a. in Toronto, which is now being used.^ I 
do not know that I understood the second part of the question. 

H. R. Summerhayes: It was whether you contemplated 
to connect the Niagara and Toronto districts, with 110,000-volt 
distribution, with the other systems in the Province. 

Arthur H. Hull: No, not at the present time. These sys¬ 
tems (i.e. other than the Niagara System) are now generating 
enough power for the present demands, and by further de¬ 
velopment in the available power sites, there will be sufficient 
power to take care of the demand for some years to come. Of 
course, it is pretty hard to say what is going to happen ten years 
from now. All this development which we have had here (i.e. 
in the Niagara System), has been made inside of ten years, and 
I would not undertake to predict so far ahead, as to what will 
occur within the next ten years. 

F. A. Gaby: I will go further and say that the Commission 
already have prepared estimates on connecting the Niagara 
System with the St. Lawrence system, by a 220,000-volt line, 



1918] 


DISCUSSION AT TORONTO 


1635 


.with frequency changer sets at Toronto to tie the 95 ovr i P 
Niagara system with the 60-cycle St. Lawrence system!' ' 

Hull. No doubt the Long Sault Raoids on the 
St. Lawrence will eventually be developed by somebody and 
of course, Ontario will get a lot of that power, which ought to 
bring about in this district, (eastern Ontario) an enormous 
development. There is a new system now bein^ developed 
called the Rideau System which when completed will pretty well 
take care of the present needs of the district near the Rideau 
River. I may point out, however, that there are no water powers of 
any magnitude m the Niagara System district outside of those 
at De Cew Falls and Niagara Falls. This part of the country 
is pretty well cleared up, and there is very little chance of anv 
hydraulic developments other than near Niagara so that there 

are good prospects of a great amount of additional load in this 
Niagara section. 

Wills MacLachlan: It might be pointed out, for the benefit 
of the visitors, that in the north country there are large powers 
at French River, and also in the mining districts of the north 
there are other power developments. For those that do not 
know the conditions, they may think that almost all electrical 
Ontario has been shown on the map put on the screen by Mr. 
Hull,, and these developments all apply to the south end of the 
Province. There are future developments that will positively 
obviate the necessity of running a high-tension transmission line 
to carry the power in the northern part of the province. 

Arthur H. Hull: The paper only covers the systems of the 
Hydroelectric Power Commission. At Fort Francis there is a 
generating station, there is a development at Sault Saint Marie, 
and. in the Sudbury district, also in the Cobalt district, as well 
as in the Porcupine districts, and there are some generating 
stations for pulp and paper manufacture up in this far north 
country (District of Patricia). There are power sites scattered 
all through here (north of Lake Superior) and the trans-conti¬ 
nental railways run through this district, so if plans of electri¬ 
fication of these railways are carried out there will be an abund¬ 
ance of water power available in those sections to supply them 
and develop the districts. 

Perry A. Borden: There were some articles published some 
months ago in the local papers dealing with the proposed scheme 
to divert the Grand River from its natural course, into the 
Western end of Lake Ontario by way of the Dundas Valley. 
May I inquire if anyone can give me information as to the authen¬ 
ticity or practicability of this scheme? 

Arthur H. Hull: The Grand River starts in Grey County 
and empties into Lake Erie. There is a valley near the river 
that runs down to the west end of Lake Ontario. The proposi¬ 
tion would be to divert the Grand River into Lake Ontario at 
this point (Dundas). I cannot say personally, Mr. Borden, 
what there really is in that scheme. Possibly Mr. Gaby might 
say something about that. 



1636 ELECTRIC POWER IN ONTARIO [Nov. 22 

F. A. Gaby: The only suggestion that has been made is the 
general suggestion. I do not believe any studies have ever been 
made on the diversion of the Grand River into the escarpment at 
Dundas. 

The Commission in 1910 and 1911 did make numerous studies 
on the possibility of using the plateau above the Dundas Valley 
as a storage basin for an auxiliary plant to be operated in con¬ 
junction with the Hydroelectric Power-Commission system, as 
a hydroelectric system, that is, to pump water from Lake Ontario, 
300 or 400 feet up to the plateau or storage basin, and then use 
this during peak load periods to augment the supply of power 
from the Ontario Power Company, rather than buy its power 
on the peak load, possibly, and in this way it might be possible 
to finance the expenditure necessary on such an equipment. 
This is the method used in the case of large sources of power on 
low power factor loads in Switzerland and other countries, but 
I do not know of any studies being made for the diversion of 
the Grand River, and further, I think it would be very difficult, 
in view of the uses the Grand River is being put to at the present 
time. 

The Commission had been making a study before the war of 
possibility of starting to regulate and obtain power on the Grand 
River. These hydrographic surveys are proceeding at present, 
and it is hoped several years from now, when we get sufficient 
information on the characteristics and features of the streams, 
we will be able to make a comprehensive report of the possibility 
of regulating the flow and generating the power on this small 
flow. It is a river with variable flow, very high flood periods, 
and the minimum flow is very small, and its power possibilities 
are very small. 



Presented sat the 344 th Meeting of the American 
Institute of Electrical Engineers, Toronto, 
Can., November 22, 1918. 

Copyright 1918, by A. I. E. E. 


ELECTRIFICATION OF THE MQNT PR AT, TUNNEL 

ZONE 


BY WILLIAM G. GORDON 


* 

Abstract of Paper 

Phc author describes the electrification of the tunnol thfoncrb 
Mt. Royal at Montreal which was built to give the Canadian 
Northern Railway entrance into the heart of the city. The tun¬ 
nel emerges from the mountain several feet above the* level of the 
city and it is proposed to extend an elevated line at the same 
uniform grade to connect with the proposed viaduct on the lines 
of the Harbor Commission. The tunnel is 3.1 miles long and the 
method of construction is described in detail. ° 

The power is purchased and delivered to a substation near the 
west portal of the tunnel. The equipment of the substation is 
described. At present there are six electric locomotives in 
operation having a one-hour rating of 1280 h.p., and it is proposed 
to add multiple unit motor cars for handling the local traffic. 
Details of the equipment and dimensions of both the locomotives 
and motor cars are given. 

The catenary system, which is described in detail, has a num¬ 
ber of unusual features due to special local conditions and the 
extremely low temperatures which sometimes prevail in Mon¬ 
treal. 


T HE City of Montreal is divided into two principal levels; 

the commercial and financial quarter being on a plane 
only a few feet above high water, and the residential and shop¬ 
ping districts being at a height of about 75 ft. above the river. 
As the space between Mount Royal and the St. Lawrence River 
is limited, this district has become very congested. Business 
has largely forced the residence section up and down the River 
and around the mountain. The tunnel under Mount Royal 
was built with the idea of giving the Canadian Northern Rail¬ 
way, which property now belongs to the Dominion Government, 
an entrance into the heart of the City, and to render available a 
large area for residential purposes, only a few minutes by train 
from the main terminal. 

The location of the present terminal is about midway between 
the two levels and it is proposed to extend an elevated line, at 
the same uniform grade, which will connect up with the proposed 
viaduct on the lines of the Harbor Commission, thus giving 
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direct access to Trans-Atlantic steamers, and all the harbor 
facilities. 

The tunnel as built is 3.1 miles long and is the shortest line 
that can be devised to take advantage of the geological forma¬ 
tion. The tunnel has a uniform grade of 0.6 per cent toward 
the city to insure proper drainage. 

In order to meet the various physical conditions, different 
cross sections were used; where hard sound rock, unsound rock 
and soft ground were encountered respectively. 

The twin section type of tunnel was adopted for 

1. Economy in construction. 

2. Ease and economy in ventilation. 

3. Protection and safety in case of derailment or accident. 

In addition to working from both ends of the tunnel a shaft 

was sunk one mile from the West Portal at Maplewood Avenue. 

It is of interest to note that when the heading from the West 
Portal met that being driven from the Maplewood Avenue shaft, 
the lines checked within 1/16 in. on the alignment, and l /i in. in 
grade, and that where the headings from the Maplewood Avenue 
shaft and that from Dorchester Street met under the highest 
point of Mount Royal, the error was % in. in alignment, and x /i 
in. in grade. 

The method employed in driving the tunnel was to drive a 
bottom center heading about 8 ft. high by 12 ft. wide, as this 
heading could be driven ahead rapidly without much regard to 
the character of the ground, and from which the full size excava¬ 
tion could be developed at as many places, simultaneously, as 
desired. 

Four drills were used in each heading, supported on a hori¬ 
zontal bar; the drills being operated by compressed air at a 
pressure of about 100 lb. per sq. in. The break-ups, where the 
upper part of the tunnel section was excavated to its full width 
and'height, were opened at intervals of from 500 ft. to 800 ft. 
along the center bottom heading, the practise being to open up as 
many of these as necessary to keep up with the heading progress. 

The compressed air used for operating the drills and other 
pneumatic machinery was obtained from two plants, one at each 
end of the tunnel, with an aggregate capacity of i 1,000 cu.ft. 
of free air per minute, compressed to 110 lb. per sq. in. 

The muck from the tunnel was handled by two 10-ton and one 
8-ton trolley locomotives, and six 5-ton storage battery loco¬ 
motives. 
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The load curve was worked up from the following data: 


TRAIN WEIGHTS AND SPEEDS ASSUMED FOR MONTREAL TERMINAL 

ELECTRIFICATION 


Class. 

Trailing 

tons. 

Speed 

level. 

0.6 per cent 
up-grade. 

. Schedule. 

Transcontinental. 

1130 

37.0 

26.5 

21.2 

Express and local..I 

550 

37.5 

‘ 27.1 

21.6 

One motor coach. 

60 

50.0 

41.5 

22.2 

Three motor coaches. 

Three motor coaches and two 

180 

50.0 

41.5 

22.2 

trail coaches. 

260 

47.8 

34.8 

21.8 

Freight. 

1000 

32.5 

23.5 

• * p • 


The substation is a handsome building, and will harmonize 
with the buildings which will be erected in the neighborhood. 

Power is purchased from the Montreal, Light, Heat & Power 
Company at 63 cycles, 11,000 volts, three-phase. It is delivered 
to the substation by a lead-covered, three-conductor cable 
carried in a duct through the tunnel and also by an overhead 
line to insure continuity of service. The general arrangement 
and capacity of the switching equipment provides for the later 
addition of a steam auxiliary plant at the Back River near the 
Cartierville Yards for extension of the electrification of the main 
line to Ottawa. 

There are two motor-generator sets with provision for a third, 
later. Each of these sets consists of a synchronous motor 
direct coupled to and on a common bedplate with two 750-kw., 
1200-volt, d-c. generators, the set running at 600 rev. per min. 
The generators are connected in series giving 1500 kw. at 2400 
volts per unit. 

The sets have an overload capacity of 200 per cent for five 
minutes. The heavy overload capacity of these machines is 
obtained by the use of a pole-face winding. This winding of 
tubes and rods through holes near the pole faces is so connected 
as to directly oppose the armature reaction, thus insuring satis¬ 
factory operation up to the heavy overload mentioned. The 
pole-face windings and the series and commutating field windings 
are all connected on the ground side of these machines. 

The shunt fields of the d-c. generators and the synchronous 
motor fields are arranged for 125-volt excitation. Each of the 
synchronous motors is started by a three-phase, 11,000-volt 
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compensator. This auto-transformer has one coil per phase 
with suitable starting taps brought out. 

The three exciter sets each consist of a 50-kw., 125-volt d-c. 
generator driven by an induction motor. . The generators are 
commutating pole type, flat compounded for the specified voltage 
and are especially adapted for exciter work and voltage regulator 
control. A bank of six 100-kw. single-phase transformers 
supply the induction motors of the exciter sets and miscellaneous 
station requirements. 

All oil switches on the 11,000-volt circuits, except the syn¬ 
chronous motor magnetizing and starting switches, are enclosed 
in masonry cells and have two breaks per pole, each break in a 
separate tank. These switches have a rupturing capacity of 
16,000 arc amperes at 11,000 volts. They are motor operated 
and will open automatically on overload, the incoming line 
switches excepted, either instantaneously or with a time-limit 
action, as desired. The incoming line switches operate auto¬ 
matically on the reversal of power only. 

The synchronous motor starting switches are remote-control, 
solenoid-operated, mounted in cells, and have a rupturing 
capacity of 2000 arc amperes at 11,000 volts. 

The main switchboard is of three-section panels of natural 
black slate, 90 in. high. The 2400-volt direct-current circuit 
breakers and lever switches are mounted on a panel back of and 
above the main switchboard. They are operated by insulated 
handles on the front of the main board so as to eliminate any 

possibility of the operator coming in contact with the 2400-volt 
circuit. 

The circuit breakers are mounted between fireproof barriers 
and are equipped with powerful magnetic blowouts. The field 
switches are mounted on a base back of the panels with the 
operating handles on the front of the main board. 

There are six locomotives in operation. Each locomotive lias 
four axels with all the weight of the locomotive upon the eight 
driving wheels. The running gear consists of two four-wheel 
trucks, articulated with a heavy hinge. The equalization of the 
trucks is accomplished by a semi-elliptic leaf spring over each 
journal box, connected through spring hangers to the frame and 
to the equalizer bars. The equivalent of a three-point suspen¬ 
sion is thus obtained through the side equalization of one of the 
trucks and both side and cross equalization of the other truck. 

The friction draft gear is mounted in the end frame casting of 
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Fig.3 Locomotive Pulling in Messenger and Taking Current from 

Opposite Track 
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Fig. 5—View of* Switchboard in Substation 
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Fig. 6—Locomotive with Low Catenary Construction [cordon 
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Fig. 7—Catenary Construction on Tangents [cordon] 
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the truck. This type of construction restricts the hauling and 
buffing stresses to the truck side frames and articulated joint, 
thus relieving the cab and apparatus from the effects of severe 
shocks. The cab, which is of the box type, is divided into three 
compartments, the center compartment for the apparatus, and 
the two end compartments for the operator. Each operator’s 
compartment is supplied with controller, control switches, 
ammeter, air brake and pantograph control, air gages, 2400-volt 
cab heater, bell rope, and control for the whistle and sanders, 
thus providing the locomotive with complete double end control. 
The motors are nose-supported in the usual way and geared to 
the axle by means of twin gears, each of four-inch face. 

The motor equipment consists of four commutating pole 
motors wound for 1200 volts and insulated for 2400 volts, two 
of these motors being permanently connected in series for opera¬ 
ting on the 2400-volt trolley circuit. The one-hour rating of each 
motor is 320 h.p. at 1200 volts. The motors are designed for 
forced ventilation which is obtained by means of a blower in the 
locomotive cab. Either pair of motors may be cut out by a 
special handle on the change-over switch. The locomotives are 
geared for a free running speed on tangent level track of approxi¬ 
mately 45 mi. per hr. with ten points in series and nine points 
in series-parallel. The master controller used is of the non¬ 
automatic type and has two handles, one regulating the applied 
voltage at the motors and the other controlling the direction of 
rotation of the motors. The rheostats which form the external 
motor resistance are placed near the roof of the cab and pro¬ 
vided with ample natural ventilation. 

The master controller and contactor energizing circuits are 
designed for 125 volts. Each contactor is easily accessible 
without any disturbance to adjacent contactors. A special 
electropneumatic change-over switch is used for making the 
transition between series and series parallel connection of the 
pair of motors. 

The 125-volt current for operating the contactors and for 
lighting the cab and headlights is obtained from a motor-gen¬ 
erator set, the motor of which has two 1200-volt windings and 
two 1200-volt commutators in series for operation on 2400 volts. 
This set is mounted in the center cab and also drives the blower 
for providing forced ventilation to the main motors. 

Fuses of the copper ribbon type placed in the fuse boxes pro¬ 
vide protection for each individual circuit as well as the main 
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circuit from the trolley. These fuse boxes are all arranged to 
blow into a common chamber designed to take care of the arc. 
In addition to the fuse on the main circuit, a main switch is also 
provided. This is of the knife-blade type, being opened and 
closed by a handle in a position for easy operation in case of emer¬ 
gency, or when it might be necessary to open the circuit while 
carrying current. This main switch blows into the chamber 
provided for the fuses and has a powerful magnetic blowout. 

The trolleys are of the slider pantograph type, pneumatically 
operated and mounted on insulated bases. Two pantographs 
are used per locomotive. 

A speedometer, similar to the type largely used on automo¬ 
biles, but especially designed for locomotives, is located in each 
operating cab. These are connected to the driving wheels of 
the locomotive by means of flexible shaft and gearing. 

A combined straight and automatic airbrake equipment is 
provided on each locomotive. This equipment includes a 2400- 
volt, motor-driven air compressor, the set consisting of two 
1200-volt motors operating in series on 2400 volts and direct- 
connected to an air compressor having a displacement of 100 
cu. ft. of free air per minute. The approximate total weight of 
each locomotive is 83 tons. Some of its principal dimensions 
and characteristics are given in the following table: 


Length inside knuckles.37 ft. 4 in. 

Length over cab.31 “ 0 “ 

Overall height, pantograph down.. .15 “ 6 a 

Height over cab. 12 " io « 

Overall width.10 “ o “ 

Total wheelbase.26 “ 0 “ 

Rigid wheelbase. g « g « 

Total weight, all on drivers.S3 tons 

Wheel diameter.46 in. 

Tractive effort at 30 per cent tractive coeffi- 

cient .49,800 lb. 

Tractive effort at one-hour rating.20,300 lb. 

Tractive effort at continuous rating.16,200 lb. 

Speed at rated amperes, one-hour rating . .23.4 mi. per hr. 

Total horse power, one-hour rating.1280 h.p. 

Speed at rated amperes, continuous rating .24.6 mi. per hr. 

Total horse power, continuous rating.1090 h p 

Gearing 80-25 Reduction 3.2 


The multiple unit motor cars for handling local traffic are not 
vet in. operation. The principal dimensions of these cars are 
given in the following table: 
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Length over buffers.67 ft. 5% in. 

Length over body corner posts.57 “ 6J4 “ 

Truck centers.42 “ 9 “ 

Width over side sill angles .. ... 9 “ 10 “ 

Width over eaves. 10 “ 2J£ “ 

Height top of rail over roof ..13 “ 0 “ 

Height top of rail to underside of side sill. 3 “ 7J^ “ 

Center to center of body side bearings. 4 “ 10 “ 

Center to center deck sills. 5 “ 6 “ 


The approximate weight of the car loaded and equipped is 
160,000 lb. The electric hot air system of car heating is used. 
One complete heater is placed underneath each car and receives 
its energy direct from the 2400-volt supply. The heater has 
a capacity of approximately 25 kw. and is constructed for two 
heat combinations so as to provide for the changes in tempera¬ 
ture conveniently and economically. 

The complete heating equipment consists of the heating unit, 
blower and regulating mechanism, the controlling switch and 
thermostat of the regulating mechanism being arranged for 
operation from the 600-volt supply. Air is forced over the heat¬ 
ing- unit by means of the blower and distributed to the car 
through the air ducts along the sides of the car. The blower 
used, for the circulation of the air is operated by a motor which 
is connected in series with the heating unit on the ground side. 
The capacity of the blower is approximately 1000 cu ft. of air 
per minute. 

The motor equipment consists of four fully ventilated, 125 h.p. 
1200-volt, commutating-pole motors insulated for 2400 volts. 
Two of these motors are permanently connected in series for 
2400-volts operation. Ventilation of the motor is accomplished 
by drawing air into the armature at the pinion end by means of 
the fan on the armature shaft. The air passes longitudinally 
through the whole interior of the motor and is expelled through 
an opening in the frame at the commutator end, protected by 
wire mesh. 

The control is of the non-automatic type for multiple-unit 
operation. The equipment includes a motor-generator set 
for furnishing 600-volt current for the control circuits, the air 
compressor and lighting circuits. This set consists of two 
1200-volt motors, operating in series on 2400 volts, direct con¬ 
nected to a 600-volt generator. The master controller, contactors, 
switches, reversers and pantograph are essentially the same 
construction and appearance as those already described for 
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the locomotives. The controller has five steps in series and four 
steps in parallel. It differs from the locomotive controller 
in having the usual motorman’s operating handle instead of a 
lever. This handle is provided with the so called “dead man's” 
feature for cutting off power and applying the air brakes in 
case the motorman removes his hand. 

Copper ribbon fuses similar to those on the locomotive are 
used, and an aluminum-cell lightning arrester is installed on 
each car. 

Special local conditions and extremely low temperatures 
introduced features making the design of the catenary system 
for this electrification somewhat out of the ordinary. The 
electrified track at present is about 10 miles long, and in this 
distance there is a passenger terminal station and coach yard 
in the city, a double track tunnel, double tracks in a cut with 
low clearances under highway bridges, a long stretch of single 
track, both tangent and curve, and a large freight yard with 
repair shops and storage tracks. The temperature in the coldest 
winter weather reaches 35 deg. below zero, while in the hottest 
summer weather it will go as high as 110 in the sun. In the early 
spring severe sleet storms sometimes occur. 

The poles are of Eastern white cedar. The specifications for 
these poles and also for the creosote oil used as a pre¬ 
servative, were based upon those of the National Electric 
Light Association. Steel poles are used in the terminal 
yard in the city on account of their more sightly appearance. 
The wood poles are set seven feet in the ground and are all 
back-guyed. They are long enough to carry two cross-arms 
for feeders, signal circuit and a three-phase transmission line 
for supplying the shops in the Cartierville yard with electric 
power. On top of the poles there is a No. 000 copper ground 
wire which serves both as a protection against lightning for the 
circuits on the poles and also as a preventive against any trouble 

that might be caused by breakage of the rail bonds, which latter 
are of the welded U type. 

The poles throughout the’single track construction are spaced 
150 ft. on tangents and 20 ft. on the two-deg. curve On the 
double-track portion, where the overhead clearance is limited 
the spacing is reduced to 105 ft. on tangents. . 

. Tbe messen ger for the electrification outside the tunnel con¬ 
sists of a y 2 in. seven-strand Siemens Martin steel cable with an 
timate strength of 11,000 lb. and an elastic limit of 6600 lb. 
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Two No. 0000 copper feeders are installed, on the full length of 
the electrification outside the tunnel and the other for about one 
mile west of the substation. 

The messenger is anchored every half mile. This is accomp¬ 
lished by running the end of one half-mile length past the end 
of the next for a distance of one span. It is then made fast 
to an anchor eye on the bracket through an insulator and turn- 
buckle, and the same point of the bracket guyed back to the 
next pole, which in turn is guyed against this strain. The two 
messengers where they pass each other, are kept from eight to 
ten inches apart. By anchoring the trolley wire on the same 
bracket the anchorage becomes a section insulation, the air 
space between the messenger and trolley wire forming the in¬ 
sulation. Where a section insulator is not required a copper 
jumper is placed between the messenger and trolley wires. 

For the doublertrack portion of the line cross-span construc¬ 
tion, is used, the cross-span being a in. seven-strand Siemens 
Martin steel cable. The messenger is fastened to this by means 
of a small malleable clamp. This cross-span is made up with a 
turnbuckle, strain insulator, and wedge grip in each end, 
and fastened to the poles by means of eyebolts. 

In yard work spanning more than two tracks the construction 
is similar, but with the addition of a cross messenger of J^-in. 
cable above the ^g-in. cable. This cross messenger is made fast 
to the poles directly, without insulators or turn-buckles, and 
carries the weight of the spans below through lengths of J^-in. 
steel cable. These fasten to eyes in the tops of the messenger 
hangers and to the cross messenger by means of Crosby clips, 
There is a strain insulator in each of these lengths. 

Pull-offs are used on curves for holding the contact wire and 
messenger in the correct position over the track and at intervals 
on long tangents for steadying the contact wire. The pull- 
offs are made of sherardized steel tubing bent to avoid fouling 
the pantograph. Each pull-off is fitted with a clamp ear at 
one end and an eye at the other. Adjustable links are some¬ 
times required with the pull-offs to keep the trolley wires the 
right distance apart at certain points, such as where the trolley 
wire for a turnout approaches the main trolley wire at an angle. 
Each link is composed of two malleable iron brackets, with 
clamp ears, connected by means of a 3^-in. pipe, the length of 
which is adjusted between the brackets and held by set screws. 

Porcelain strain insulators are used in two sizes. The larger, 
* 
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used with ]A-in. and J^-inch. steel cable, withstands a wet flash- 
over test of 14,000 volts and has a breaking strength of 22,000 
lb. The smaller, used with §-in. and 34-i n * steel cable has a 
breaking stength of 12,000 lb. 

The insulator used on the bracket construction is of the ordi¬ 
nary glazed porcelain, double petticoat, pin type, 43^-in. in diame¬ 
ter. It has a wet flash-over test of 20,000 volts. The messen¬ 
ger rests in the groove in the top of this insulator and is not 
tied except on curves. 

The contact wire is of special bronze composition, size No. 
0000, with a breaking stength of 65,000 lb. per sq. in. and an 
elastic limit of 39,000 lb. per square inch. Its section is the 
standard of the American Electric Railway Association for No. 
0000 grooved trolley wire. The use of this wire instead of hard- 
drawn copper was thought advisable both because of its longer 
life when subjected to the wear caused by sliding pantographs, 
and also because it could be pulled up tighter than copper on 
account of its greater strength. This latter reason was con¬ 
sidered of special importance because of the wide variation in 
temperature in Montreal, with the consequent great variation 

in the sag of ordinary copper trolley wire between winter and 
summer. 

The trolley wire is hung straight over the center of the track 
as the natural side sway of the pantograph is sufficient to pre¬ 
vent wearing grooves in the contact strips. 

The height of the trolley wire above the top of rail is ordinarily 
23 ft. except along the double track construction and in the 
tunnel, where it is 16 ft. In this section two wires are used over 
each track. They hang side by side, supported from the same 
messenger, the hangers of one wire being staggered with those 
of the other. These double wires do not raise the hanger loops 
as high as would a single wire when a pantograph passes along, 
which is an obvious advantage where the head room is limited. 
Sparking and consequent wear both of the contact shoes and 
contact wires is reduced to a minimum, as there is always good 
contact between the slider strips and one of the contact wires. 

The hangers are all of the long-loop type, having .a malleable 

iron, single-bolt clamp ear, and a strap varying in length to 

suit its position in the span. All parts are sherardized. In spans 

of all lengths from 150 ft. to 90 ft. the hangers are spaced 15 ft. 
apart. 

Lightning arresters of the magnetic blowout type are installed 
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at half-mile intervals. The arrester is placed near the top of 
the pole and the ground wire runs down the pole to a f-in. iron 
pipe driven about ten feet into the ground. Before driving this 
pipe, a 2-in. pipe was driven down about 5 ft. then withdrawn 
and the hole filled with rock salt. The %-in. pipe was driven 
down through the salt. 

In addition to these arresters on the poles, aluminum cell 
arresters are installed in the substation on the positive busbars 
and on each feeder. 

In order to string the messenger cable with the proper 
tension a dynamometer was used. It was therefore necessary 
for the foreman of the line gang to know what the tension should 
be at different atmospheric temperatures. The right sag at 
any given temperature was also of importance as a check on 
the tension. This information was supplied in the form, of 
tables to which the line gang -worked, the sags and tensions being 
given at 5 deg. intervals. 

In the tunnel the overhead clearance was so limited that the 
catenary had to be very flat. This meant pulling the messenger 
up very tight for spans of reasonable length. A cable of phosphor 
bronze was decided upon,-composed of nineteen wires, and having 
an overall diameter of 0.888 in. This cable has an ultimate 
breaking strength of 22,000 lb. and an elastic limit of 18,600 lb. 

This messenger is supported every 90 ft. from the roof of the 
tunnel by a combination of iron yokes held in the concrete by 
four one-in. bolts. The cross yoke carries the messenger in¬ 
sulator and is supported on two insulators carried on the two end 
yokes, so that there are two insulators between the messenger 
and the ground. The insulators are of glazed porcelain and 
have a wet flashover test of 20,000 volts. All clamps and 
small parts of the messenger supports are of malleable iron 
sherardized. The yokes are of 2-in. by %-in. and 1%-in. by %-in. 
mild steel, painted with an asphaltum compound as a protection 
against rust. Two No. 0000 phosphor-bronze contact wires 
hang side by side from the messenger. The hangers for each 
contact wire are spaced 15 ft., or 7 ft. 6 in. between adjacent 
hangers. The hanger lengths vary from 6 in. to 13% in. with a 
90-ft. span. The two hangers nearest the messenger support, 
namely those 11% and 13%in. in length, are made with two loops 
one sliding inside the other, where the clearance to the roof is 
small. The remaining hangers are similar to those used out¬ 
side the tunnel, except that the loop is wider in order to take the 
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larger messenger. It was found that the two messenger cables 
and the four contact wires over the two tracks in the t unn el 
would give ample conductivity, so that no feeders through the 
tunnel were required. Both the messenger and contact wires 
are anchored every half mile. Two “bridles” of K-in. steel 
cable are fastened to the messenger by means of six %-in. Crosby 
clips, and the ends of these bridles fastened each way, through 
two cemented-type strain insulators in series, a turnbuckle 
and wedge grip to roof plates. The contact wire is anchored 
by lapping the ends for a distance of one span and then carrying 
each end up and slightly to one side of the center, making 
fast to a roof plate through two insulators, a turnbuckle and a 
wedge grip. 

At the only curve in the tunnel, one of two deg. two -pull-offs 
are placed in each span, over each track, one for each of the 
contact wires. The pull-offs are fastened to the tunnel arch 
through two strain insulators in series by means of an expansion 
bolt. The two pull-offs are placed 7 ft. 6 in. apart and this 
arrangement prevents hard spots and at the same time keeps 
the two contact wires close enough together for satisfactory 
operation. 
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Discussion on “Electrification of the Montreal Tunnel 
Zone (Gordon), Toronto, Canada, November 22, 1918. 

W^. G. Hewson. . I would, like to ask JVTr. Gordon if he knows 
tliG reason for putting the substation so close to the end of the 
line. Undoubtedly the 2400-volt system was not adapted for 
pioneer work it must have been with the idea of extending the 

system in the future, and it seems as if the substation is verv 
close to the end of the line. y 

W. G. Gordon: I think I covered that, Mr Hewson, in mv 
presentation of the paper. I mentioned that the general layout 
was with the idea of extending the electrification later on, as far 
as Ottawa. The substation was laid out to tie in with a turbine 
plant later on to be installed at Back River. The selection of 

the location was not just for the electrification of the present 
length of line. 

W. G. Hewson: Is that installation going to be extended to 
Ottawa? 

W. G. Gordon: That was the original intention. 

W. G. Hewson: Why was not the substation put farther out 
on the line? 

W. G. Gordon: It was more convenient in connection with 
the residential district scheme they had in mind, in opening up 
to locate the substation where it is, and the few miles that would 
be gamed in regard to the spacing to the next substation loca¬ 
tion was not worth considering at the time. 

W. A. Bucke : There is one point that has nothing to do with 
the electrification of railways, which I would like to bring forward 
L wondered how the matter was working out in actual practise. 
That is, the question of grounding the lightning arresters 
along the line, which is an important part of the system of 
protection. I understood Mr. Gordon to say they drove in a 
2.in. pipe, filled the hole with salt, and then drove in a smaller 
pipe. I wondered how it had worked out in practise. It 
seemed to me it would not be many years before the pipe would 
be eaten away leaving a mass of iron oxide, etc. This would 
shake loose, and you would not have any ground. I would like 
to know how that arrangement will work out. 

W. G. Gordon: The idea is to start the ground with a 
thoroughly saturated saline condition; but as far as it will 
actually work out in time, I have not seen it tried out exactly in 
this way. So far they have had remarkably good results. Last 
summer there were some very severe lightning storms, and they 
did not get by the arresters into the station. 

W. A. Bucke: I should think it would be effective as long as 
it lasted. 

Arthur H. Hull: That brings up a point to be emphasized— 
the importance of maintaining good grounds. The ordinary 
practise in the past seems to have been to drive in a pipe any old 
place, and whether they had a good ground or not seemed to be 
immaterial, as long as it looked like one. It seems to me that 
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it is very important to test the ground connections and see that 
the grounds are maintained. 

W. G. Hewson: If it is not switching the discussion from 
that point, may I ask Mr. Gordon about the motor cars. I 
think he mentioned that they weighed 160,000 lb. or 80 tons. 
That is heavier than what is in ordinary use for suburban work, 
but I presume the operation in the tunnel has something to do 
with it. 

Another point—he might tell us something about the air brake 
arrangements. I did not understand the exact location of the 
single compressor. I should think it would be very necessary 
with the locomotives on a 0.6 per cent grade, leading down into 
conditions like they have on that line, that the air brake should 
be very reliable, and I was wondering whether these compressors 
were put on t.he locomotives or on the cars, and whether they 
used one or two compressor units. 

W. G. Gordon: They have a single air compressor on the 
locomotives, with a capacity of 100 cu. ft. per min., but there is 
nothing more to be done, as regards operating down that 0.6 per 
cent grade, than to see that the air is in proper operating condi¬ 
tion. ^ There is no question of the reliability of the operation of 
the air brake, if the pressure is up on the reservoirs. If a man is 
taking his locomotive through the tunnel by itself, he is working 
on straight air, and not taking any chances on the triple sticking. 
In taking a train through in the normal way, he operates on the 
triple, with the automatic braking feature. The men who 
operate the locomotives are all ex-steam men, familiar with air. 
They watch the gauges, to see that they have proper pressure, 
and naturally would not take any chances on starting off on the 
down grade without having tested the brakes. There is no 
chance of them getting into trouble, provided the proper supply 
of air is there. Regarding the weight of the motor cars, as you 
say, they are heavy. The standard steam coach design was 
taken and the equipment mounted on that, and that equipment 
runs into a good deal of weight, as you know. The figures I 
have given represent the weight loaded and completely equipped. 

Harry U. Hart: I was wondering if the circuit breakers are 
the type that open in a few thousandths of a second. They 
must get some heavy short circuits, like all railways, and I 
would like to know if they are like any of those recently shown in 
the technical journals. 

Another point in the paper which raised an inquiry in my 
mind was why a synchronous motor and two generators were 
run as a unit, instead of using synchronous converters. 

W. G. Gordon: In regard to the breakers they have the 
standard type—the ones shown were the standard type of 
breaker—no special quick-acting feature. As a matter of fact, 
they have no quick-acting negative breakers installed, and up to 
date they have not_ felt the need of them. They have some 
pretty severe short circuits, and one or two have caused consider- 
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able damage to the brush holders, but not sufficient to ™,t 

Wrth 80 cycles however, the'use of r°S s wi 5*Tl r ' 
quest,on as each rotary would only be good for from 600 tl 700 

With regard to the use of synchronous motor-generator set, 

as against rotaries, of course, that is a Question m u l ets 
either is qnitahlp von will -r h question on which where 

K C OK sul ^ abi ? y° u ] vl1 1 find arguments on both sides Had it 
been 25 cycles instead of 60 cycles bv -mitti™ , . H acl 

could have used 2400 or 3000 volts. ^ ^ o m series we 

Arthur H. Hull: I ask Mr. Gordon if the feeders in the sub 
station are tapped on to the trolley wires in the viciffitv of the 

”w S?Gohon: 7h^ mei1 - 0 ?S on ?«• 3om"Stance? 
quarter of a mile, but decided there TOs'LrthLg gmed'oTr 

SXSZS*' "• “ far “ "«*** * 4 8» severity 

Arthur H* Hull* 13 o think to ^ 

considerable distance is impracticable? J eder out a 

‘ W ; , G - Gordon ; Against carrying out the feeder is the con¬ 
stant loss in the feeder with the questionable insurance you are 
getting, as to how far this will cut down the serious effects of tht 
flash-overs. In other words, the saving in the seriousness of Se 
flash-overs might not begin to meet the investment in the Conner 
or the steady losses over that extra length of feeder 

W. H. Mulligan: I ask Mr. Gordon if the tunnei is lighted 
. G ; Gordo “ : carry a lighting service all Engine 

side of the tunnel. I here are regular incandescent lights for the 
purpose of lighting the tunnel. 

Wills MacLachlan: In connection with these high-tension 
generators, is there any provision for the protection of the 
operators in the case of a flash-over? There have been cases of 
men badly pitted with copper in going in front of one of the 
generators at the time of a flash-over. 

Another point—in connection with the design of the switch 

board, back and above the main switchboard, there is a platform' 

and running on the back of the switchboard there is a bus and 

there is no protection to prevent forming a short circuit across 
the bus. 


uai \* uua. 

W. G. Gordon: There is no special provision taken for pro¬ 
viding against the conditions you speak of, in case a man happens 
to be right over a commutator at the time of flash-over It is 
a rare occurrence that you do actually find, in this class of work 
that a man is burned by being right over the commutator or 
passing the commutator, in pursuance of his work, at the time of 
flash-over. 

On these generator sets, there is a considerable distance from 
the commutator to the outboard bearing, and the probabilities 
are that a man would not get anything beyond a scare even if 
there was quite a bad flash-over. 
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With regard to the small platform shown on the back and top 
of the tie rods of the main board, that is never used, except 
when examining these 2400-volt switches or breakers, with the 
current off, and when they are dead, the corresponding busses 
behind them are also dead. 

W. M. Gifford: I would like to ask Mr. Gordon what the 
mileage obtained with the pantagraph is.. 

W. G. Gordon: I cannot speak definitely for these locomo¬ 
tives, but we are operating exactly the same type of panta¬ 
graph on the London & Port Stanley System. The life they 
obtain from the two copper wearing strips is from 10,000 to 
12,000 miles. We find once wear is established, once a minute 
film of oil is established on the contact wire, and it does be¬ 
come so established, the wear on the contact wire is almost 
negligible. We have found that, after operating sliders on just 
the ordinary hard drawn copper trolley wire for a number of 
years. 

R. R. Stevenson: In a case where a heavy electric trunk 
road is taking power from a central station system, I ask Mr. 
Gordon if there are any special features in the power supply 
contact which will affect the layout of the switching and trans¬ 
former equipment. Were there any special provisions made in 
the powder supply contact which would affect the overload 
protection which would have to be supplied? 

W. G. Gordon: In practically every contract—while I am 
not at liberty to speak freely in regard to this one in question— 
they have certain provisions as regards the power factor below 
which they must not operate, and also the contract is made on a 
maximum demand basis on peaks of definite duration, but the 
switching in general in this case is laid out to take care of the 
maximum pull on the substation. 
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110,000-VOLT TRANSMISSION LINE OVER THE ST 

LAWRENCE RIVER 


BY S. SVENNINGSON 


Abstract of Paper 

I he Paper deals with some remarkable construction recently 

completed by the Shawinigan Water & Power Company near 

Three Rivers Quebec. The St. Lawrence river is crossed by 

transmission line wires on a span of 4800 feet, being the longest 

span in the world. Due to necessities of navigation clearance 
the towers are 350 feet high. navigation clearance, 

T. he preliminary investigation leading to the adoption of this 
construction is outlined,, and a general description^ is given of 
Hi® and construction of the towers, insulators and cables 

I he provisions for protection from ice and the method of sag 
calculations are also given. s 


T HE Shawinigan Water & Power Company’s principal hydro¬ 
electric development is located at Shawinigan Falls on the 
vSt. Maurice River about 20 miles north of Three Rivers, where 
the St. Maurice empties into the St. Lawrence River, and about 
85 miles north east of Montreal. 

The Company has for a number of years been transmitting 
power to Towns south of the St. Lawrence River. Two lines 
carry the current to a switching station at Victoriaville, 35 miles 
south of the St. Lawrence River. At Victoriaville the lines 
branch, one branch 50 miles long running to Sherbrooke and 
supplying various towns and industries between, the other 
branch 40 miles in length feeding the asbestos mines and other 
industries in the Thetford district. The current has been trans¬ 
mitted at 50,000 volts from Shawinigan Falls to the St. Lawrence 
where the voltage was stepped down to 25,000 for transmission 
across the river over Submarine Cables, then stepped up again 
to 50,000 and transmitted at this voltage to Thetford and 
Sherbrooke. 

The first submarine cable was installed in 1906. At this 
time the alternative of putting in an overhead crossing was 
considered, but the amount of power to be transmitted was so 
small that it was decided that the expense of an overhead cross¬ 
ing was not warranted. However, the demand for power on 
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the south shore steadily increased until by the beginning of 1916 
five submarine cables were in operation, two three-conductor 
cables and three single-conductor cables, and the capacity of the 
transformer house, 10,000 kw. had been reached. The company 
was then faced with the necessity of increasing the capacity of 
the crossing and the question of an overhead crossing to replace 
the submarine cables again came up for consideration. 

Submarine cables have always been a weak point in this part 
of the system and a source of more or less trouble and expense. 
The river bed is hardly suitable for a submarine crossing. It is 
sandy but with a generous sprinkling of rocks and boulders. 
The bottom slopes out very gradually from both shores to the 
steamboat channel, the sides of which are rather steep. Owing 
to this abrupt change in slope the cable in the channel is partly 
suspended and kept constantly swinging by the current in the 
river so that the armouring quickly wears through and the cable 
burns out at the points of suspension. The current in the chan¬ 
nel carries the cable down stream and has even been strong 
enough to pull them loose from their moorings and break their 
connections in the cable house. In the winter the ice usually 
puts at least one of the cables out of commission, and it has 
been found necessary at times to erect temporary pole lines 
across the ice to maintain the service to the south shore. When, 
therefore, in the Fall of 1916 the demand came for more power 
for the south shore partly for war work and it became a question 
of putting in an additional submarine or an overhead crossing 
the Company decided in favor of the latter. 

In order to increase the capacity of the submarine crossing it 
would have been necessary, in addition to purchasing and instal¬ 
ling new cables, to build extensions to our cable houses and install 
new transformers with their necessary switches lightning arresters 
and other equipment. This would have involved an expenditure 
of at least $150,000. and at the same time the weak point in the 
line would not have been improved. 

The overhead crossing was estimated to cost $200,000. the 
difference between the two being offset, in the opinion of the 
company, by the elimination of the weak link, by obtaining 
greater security from interruptions to the service and by a gain 
of from 2 per cent to 3 per cent in regulation by cutting out the 
transformers. A considerable amount of operation and main¬ 
tenance expense would also be eliminated and the transformers, 
cables and other equipment tied up in the submarine crossing 
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were needed and could be used to advantage in other parts of the 
system. 

Preliminary Investigation 

The two shores of the St. Lawrence River upstream, as well 
as downstream of the cable houses were carefully surveyed in 
order to find the most advantageous point of crossing. As a 
result of this preliminary survey it was finally decided to inves¬ 
tigate in detail two alternatives: 

a. A three span crossing at Point-du-Lac, each span approxi¬ 
mately 2200 ft. long. 

b. A single span crossing between the cable houses 4800 ft. 
long. 

Point-du-Lac is situated at the eastern end of Lake St. Peter 
about six miles up the river from the cable crossing. From a 
construction point of view the site at this point appeared at first 
to be the most favorable for an overhead crossing. The St. 
Lawrence River at this point is about 7000 ft. wide, but as the 
water is very shallow except for a distance of 2000 ft. in the 
center a crossing could have been built using three spans of 
approximately 2200 ft. each. The towers on either side of the 
main channel would have been about 205 ft. high, while the other 
two towers would have been about 110 ft. high. The crossing 
at this point probably would have been somewhat cheaper than 
the other alternative but it would have necessitated the con¬ 
struction of about 15 miles of double circuit high-tension pole 
lines in order to connect up with the main transmission lines. 
The cost of these connecting lines would have brought the total 
cost up to that of the single span scheme. A fairly strong point 
against the three-span crossing was the inaccessibility of the 
towers during certain periods in the spring and fall when the 
river is full of floating ice. The single span scheme was finally 
decided on as being the most advantageous, although it was 
fully realized that there were many difficult problems to solve in 
connection with the design and construction. 

General Description 

The crossing as completed consists of a central span 4801 ft. 
long and two anchor spans, the north shore span being 571 ft. 
long and the south shore span 951 ft. long. 

There are two towers 350 ft. high and 60 ft. square at the base, 
the upstream and downstream faces tapering to a width of 14 ft. 
at the top. A crossarm at the top, 14 ft. wide by 100 ft. long, 
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carries three double-groove sheaves 50 ft. apart over which the 
anchor cables pass. The tower foundation is made up of four 
circular reinforced concrete piers 11 ft. in diameter placed on the 
corners of a 60 ft. square. These piers are connected by heavily 
reinforced concrete beams 4 ft. wide by 8 ft. deep. The tip of 
the foundation is 14 ft. above the normal water level. 

Three lines of 1 3/8 in. diameter steel cables 50 ft. apart span 
the river between the two towers. To each end of each center 
span cable is yoked two anchor span cables. These are carried 
over the tower on the main sheaves and then down to a point 
about 20 ft. from the anchors. At this point equalizing beams 
are cut into the lines and the load is transmitted from them to 
the anchor piers by means of short straps of 1% in. diameter 
cable. The cables are gripped at the ends by means of heavy 
steel bridge sockets in accordance with the usual practice for 
suspension bridge cables and other structures of this type. 

It was originally intended to use the main cables as conductors 
and to insulate them from the towers by means of specially 
designed insulators. Unfortunately these insulators were not 
completed in time for erection and for the present the main 
cables are used as messengers from which No. 1/0 stranded 
copper conductors are suspended. These suspended lines are • 

supported every 250 ft. by suspension insulators of eight units to 
a string. 


The original scheme contemplated the use of part of the sub- 


marine crossing as a standby until some future date when an 
additional overhead crossing identical with the present one 
would be installed. However, the success that has attended the 
operation of the steel cables as messengers has led us to the 
conclusion that it is possible to us& the present crossing for two 
circuits and thus to eliminate most of the expense of an additional 
overhead crossing. We have at present under consideration two 
alternatives for the accomplishment of this object. One alter¬ 
native provides for the use of the steel cables for one circuit and 
the suspended conductors for the other bircuit. The other 
a ernative contemplates the carrying of two conductors on each 


l T lc - ■ ims wouW be accomplished by suspending the two 

r W a + th \ endS °^ li ^ t triangular steel or aluminum 
T , ached to the steel cables at intervals of 200 to 500 ft 

anchor wJ r S T krge mass - c °ncrete ‘‘dead men” each 
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Shawinigan Water and Power Company’s St. Lawrence River 


Crossing. View from North Shore. 
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View of Crossing from North Shore Tower 
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Cassion Construction—View Showing Method of Excavation 
with Orange Peel Bucket—Trap Door Open to Lower Bucket 



Caisson Construction—View Showing Method of Excavation 
with Orange Peel Bucket—Trap Door Closed to Dump Bucket 
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Foundations 

During February 1917 a number of borings were taken about 
the site of the towers to determine the nature of the river bottom. 
These borings penetrated to a depth of 100 ft. and we found that 
the foundation on which we would have to build our towers 
consisted for the full depth of these borings of very fine white 
sand with occasional strata in which a little clay was mixed with 
the sand.. The difficulty of obtaining a secure pile foundation 
in this kind of soil and the uncertainty as well as the cost of 
placing a mat foundation in the dry led us to adopt the form of 
pier foundation which we used. 

The piers were constructed in the form of hollow cylinders of 
reinforced concrete with an outside diameter of 11 ft. and an 
inside diameter of 7 ft. These cylinders or caissions were poured 
in 6 ft. lifts, the first lift tapering on the inside towards the bottom 
to a diameter of 10 ft. and being shod with a 6 in. by 6 in. angle 
cutting edge. This lift was poured on a working platform and 
lowered into the water by means of four 2-in. screws. The 
second lift was then poured and after the concrete had set the 
bottom was excavated by means of an orange peel bucket rigged 
up on a derrick. As the caissons gradually settled successive 
lifts were poured until they had penetrated to a depth of about 
40 ft. 

Little trouble was experienced on the north side, but on the 
south side we encountered large numbers of boulders, some of 
which were so large that they could not be picked up by the 
bucket, so that we had to drill and shoot them. In order to do 
this the caissons had to be unwatered, a tedious process which 
delayed the work considerably. When a caisson had reached its 
penetration of 40 ft. a plug of rich concrete was poured in the 
conical section at the bottom and the inside of the caisson was 
then filled with mass-concrete. The four piers forming one 
foundation were finally connected by reinforced concrete beams. 

This work was begun early in the year and we expected to 
have it finished by mid summer, but high water, high winds, 
rain and labor troubles delayed us so much that it was not com¬ 
pleted until about the middle of September. 

Tower Design and Erection 

The towers were designed for the following loads: 

A vertical load of 530,000 lb. made up of 350,000 lb. due to 
the weight of the tower itself and 180,000 lb. due to the vertical 
i component of the tension in the cable. 
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Tower Design and Erection 

The towers were designed for the following loads: 

A vertical load of 530,000 lb. made up of 350,000 lb. due to 
the weight of the tower itself and 180,000 lb. due to the vertical 
i component of the tension in the cable. 
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A horizontal load of 42,000 lb. at the top of the tower parallel 
to the line due to the horizontal component of the tension in the 
cable. 

A horizontal load of 26,000 lb. at the top of the tower normal 
to the line due to wind load on the line. 

A wind load on the towers of 400 lb. per foot height or 140,000 
lb. total. 

The maximum compression on each of the front legs was esti¬ 
mated to be 575,000 lb. and the maximum uplift on the rear legs 
233,000 lb. per leg. 

The calculated deflection of the towers under maximum load 
is 434 in. The wind and dead load stresses in tfie tower members 
do not exceed 20,000 lb. per square inch. 

The bottom sections of the tower legs are composed of two 18- 
in. I beams weighing 70 lbs. per foot. These sections get lighter 
towards the top, the top sections being made up of two 12 in. 
channels weighing 20}^ lbs. to the foot. The two members 
composing each leg are laced together with 2 in. by 2 in. angles. 

Access to the top of the towers is obtained by means of Otis- 
Fensom Automatic Elevators, operated by electric hoists at the 
top and controlled by push buttons at top and bottom. The 
elevated baskets are composed of angle frames with plank floors 
3 ft. wide by 4 ft. long. The elevator guides consist of four % in. 
diameter cables one at each corner of the basket, suspended from 
the top and weighted at the bottom to provide a constant tension 
of 1000 lbs. A steel ladder along one of the legs also provides 
access to the top and to the various levels at which insulators 
are strung. The ladder is enclosed from the 50 ft. level to the 
top with a wire cage and provided with trap doors and seats 
every 50 feet. 

The towers were erected as follows:— 

A timber erection tower 10 feet square was built up to a height 
of about 20 feet on piles which had been driven in the center of 
the working platform. A steel derrick with a 60-ft. boom was 
hoisted to the center of the erection tower by means of a jin-pole. 
The material for the towers was unloaded from the cars on the 
wharf at Three Rivers and transported to the site in barges. 
The bottom section, with its cross-bracing and girts was erected 
in place by means of the steel derrick. The erection tower was 
then raised another 50 feet, the derrick hoisted to the top as 
before and the next section of tower erected and so on to the 
top. The erection tower was guyed to the legs of the steel 
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tower as it went up. Rivetting gangs followed close on the heels 
of the erection gang. As soon as the north shore tower was 
completed work was begun on the south shore tower. The 
erection of the noith shore tower was begun early in September 
The winter set in rather early and working conditions were so 
adverse that, in spite of the fact that the Shawinigan Company 
paid the men a substantial bonus, the south shore tower was not 
fully completed until after the first cable was erected in March. 

Each of the towers is grounded by means of a copper plate 
four feet square which is buried in the river bed and connected 
to one of the tower legs. 

The three sheaves at the top of each tower are eight ft. in 
diameter and weigh about 2.5 tons each. The rims and hubs 
are of cast steel and were machined before the sheaves were 
assembled. The rims are in four sections bolted together. The 
spokes are built up of steel plates and angles rivetted together 
and bolted to the rims and hubs. The shafts are 5 in. in diameter 
of medium open-hearth steel. After the sheaves were assembled 
the hubs were shrunk on the shafts. The sheave bearings are of 
cast steel bushed with bronze. Lubrication is provided by 
means of wicks. 

Insulators 

The insulators which we proposed using in the steel lines were 
devised by our Engineering Department in conjunction with 
that of the Canadian Porcelain Company. They consist of a 
large ring-girder and two spiders. 

The ring-girder is 8 ft. in diameter and made up of two 9-in. 
channels 12 in. apart with %-in. cover plates. The spiders are 
built up of plates and angles with a heavy steel casting in the 
center. The upper spider is connected to the ring-girder by 
means of three 23 ^-in. bolts 10 ft. long, one at the end of each 
spider arm. The center spider is supported on the ring-girder 
by six porcelain insulators of eight skirts each, two insulators at 
the end of each spider arm. The clear distance between the 
spiders is about 36 in. 

The porcelain insulators used are special compression insula¬ 
tors having a tested breaking strength of 60 tons each, this is 
about four times the estimated maximum load. Electrical tests 
showed a dry flash-over of 302,000 volts and a wet flash-over of 
262,000 volts. 

The completed insulator has a net weight of about six tons. 
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Cables 

The cables are 1% in. in diameter, of galvanized plough steel, 
made up of six strands of 19 wires each and a stranded steel core 
of 30 wires with a small hemp centre. Tests made at McGill 
University showed that the individual wires had an average 
yield point of 221,000 lb. per square inch, and an average break¬ 
ing strength of 258,000 lb. per square inch. 

The completed cable was tested, the yield point being found to 
be 158,500 lb. and the ultimate strength 186,400 lb. or 193,000 
lb. per square inch and 227,000 lb. per square inch respectively. 

The test of the completed cable indicated a modulus of elas¬ 
ticity of 7,250,000 lb. or 8,800,000 lb. per square inch. We are 
in doubt as to the correctness of our test in this regard on account 
of- the fact that the usually accepted value for the modulus of 
elasticity for stranded steel cables is about 21,000,000 lb. per 
square inch. However, the behavior of the cable during 
erection bore out the results of the test. 

^ No electrical tests were made on these cables but their sec¬ 
tional area would indicate a conductivity equivalent to that of a 
100,000-cir. mil copper cable. 

The bridge sockets used for connecting the cables were 
machined out of solid blocks of steel. Those attached to the 
center span cables are 15 in. long, taper in width from 5J4 in. at 
the front to 8 in. at the back and are 9 in. thick, providing a grip 
of this length on the cable. The sockets attached to the anchor 
span cables are slightly smaller. A conical hole, tapering in 
diameter from 1 9/16 to 5 in. is bored through the center of the 
block from front to back and on each side of this hole a 2 5/8-in. 
diameter hole is provided for the connecting bolts. 

The cable was passed through the tapered hole in the center 
of the bridge socket and broomed out on the end for a length of 
15 to 18 inches. The wires were then cleaned with gasoline and 
held in place by means of a templet made of k^-in steel plate 
which fitted over the back of the bridge socket. The bridge 
socket was then suspended with the back up and heated by 
gasoline torches for about half an hour when spelter was poured 
into the conical hole through a one-inch diameter hole in the 
center of the templet. After the bridge socket had cooled the 

ends of the wires projecting from the templet were cut and the 
templet was removed. 

Before adopting this form of connection tests were run under 
our direction at McGill University to determine the depth of 
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socket required. We found that if the spelter was heated to 
just the right temperature i. e. just hot enough to ignite a sliver 
of wood thrust into it, that the full breaking strength of the wire 
was in the majority of cases developed in a length of six inches. 

Shortly aftei the bridge sockets were poured we found it 
necessary to shorten two of the cables and the speltered end was 
cut off. We had one of these cones of spelter cut in the machine 
shop and found that the spelter adhered so firmly to the wires 
that the section could be machined without lifting the wires out. 

Erecting Cables 

Owing to a constant succession of delays that occurred in the 
construction of the foundations and in the erection of the towers 
we had to abandon our original plan of stringing the cables in the 
fall of 1917 before the ice formed in the river and so decided to 
do this part of the work after the ice had become thick enough to 
support the weight of the heavy reels of cable. 

Throughout the heavy snows of January and February we 
managed by constant rolling and scraping to keep a road open 
between the two towers. Early in March the center span cables 
were laid out along this road. The anchor cables were then laid 
out, measured, and cut, and their bridge sockets attached. 

The three lines were erected one at a time, the middle line first 
and then the down stream and the upstream lines in succession. 
The ends of the anchor cables were hoisted over the towers, the 
south shore cables made fast to the center span cable, drawn 
over the tower until the bridge sockets touched the main sheave, 
tied to the top of the tower and attached to the anchor pier. The 
north shore cables were next attached to the center cable, the 
suspension insulators and copper line fastened to this and the 
cable hoisted into place. The proper location of the suspension 
insulators was determined beforehand for both the steel and 
copper lines, due 'allowance being made for stretch in the cables 
and these distances were chained off on the cables as they lay on 
the ice. After the cables had been hoisted into place the end 
spans of the copper lines were attached to strain insulators on the 
towers and drawn up until the suspension insulators hung 
vertically. 

The hoisting was done by a steam hoist braced against the 
center anchor pier on the north shore. Two ^-in. steel hoisting 
lines reeved through two pairs of three-sheave blocks were used 
to draw the end of the cable up to within 40 ft. of the anchor 
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pier, the final 40 feet being taken up by means of two %-in steel 
cables reeved through two pairs of six-sheave blocks. 

This method of pulling up the cables appealed to us as being 
quite simple and easy of accomplishment. However, we found 
that it was a nerve racking process the first time we tried it. 
The cable seemed to come up easily to within a short distance of 
the anchor pier when the hoisting engine began to show signs of 
distress. When the end of the cable was within three ft. of the 
anchor pier the hoist suddenly coughed and quit. Those of us 
who had calculated the length of the cable and measured it as it 
lay stretched out on the ice wondered if we had slipped up on our 
figures or our measurements for at the calculated tension in the 
cable, allowing generously for friction in the blocks the hoist 
should have been capable of pulling the cable right home through 
twelve parts of line without any trouble. The riggers didn’t 
believe that we were able to calculate the tension in the cable and 
were wondering if their pins and lashings would hold. A wait 
of ten minutes for the hoist to recuperate and for an inspection 
of the tackle and connections, a little sand in the clutch, a few 
more revolutions of the drum and the cable came in another foot. 
Another ten minutes for inspection and recuperation, another 
puff or two, a. few more inches gained and finally, by dint of 
nursing the hoist and pulling for it on the. part of all concerned 
the cable was hooked up and made fast. A slight change in the 
tackle made it possible to pull up the other two lines without any 
mental effort whatever. 

The copper conductor in each line is supported by 17 suspen¬ 
sion insulators spaced about 250 ft. apart, the end insulators 
being about 400 ft. from the towers. The copper lines drop 
from the end insulators to strain insulators on the towers at the 
150-ft. level, pass through the towers to the back where they .are 
connected to another set of strain insulators. On the north 
shore the lines pass directly from the main tower to a transmis¬ 
sion line tower on the shore a distance of about 600 feet. On 
the south shore a light structural steel truss, 50 ft. long, hung 
from two sets of the anchor cables, provides an intermediate 
point of suspension, forming two spans of 500 ft. each. Access 
to the insulators attached to the truss is provided by a foot 

bridge running up from the anchor pier and suspended from the 
anchor cables. 

After the cables were erected we noticed an almost constant 
vibration in them, varying in intensity and somewhat similar to 
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that in a violin string, with definite nodes 12 to 15 ft apart as 
nearly as could be judged. About a month after the line was 
put m service this vibration shook loose the bolts connecting two 
of the suspension insulators to the cable and they drooned and 
hung suspended on the copper line. . 

This condition brought us face to face with a problem which 
we had considered with misgiving and which had led us to 
discard the idea of suspended conductors when the crossing first 
came up for consideration. However, the difficulty was solved 
for us by two of our riggers who volunteered to go out on the 
steel cable, for a consideration, and to fish up and re-attach the 
insulators. A trolley was devised and constructed of two 
sheaves on which a small platform was hung and they had little 
difficulty in getting out to the point from which the insulators 
had fallen, about 1000 feet from the tower. By means of a 
small tackle line they hauled the insulators back into place and 
started back towards the tower. Unfortunately the sheaves on 
the trolley jammed and they could not pull themselves up. At 
this point one of the riggers lost his nerve and the episode might 
have had a tragic ending but for the fact that the other kept his 
head. He lowered his mate to a boat waiting in the river 250 ft. 
below, then lowered the trolley and finally passed the line over 
the steel cable, slid down to the boat and pulled the line down 
after him. A short time later an insulator on one of the other 
lines broke loose and it was similarly reconnected. This tim e, 
however, we profited by our former experience and provided a 
tail line by means of which the riggers were pulled back to the 
tower. Since then we have experienced no trouble from this 
source. 

So far as we have been able to judge the suspension insulators 
had not been damaged in any way by the vibration in the line 
but there is a possibility that it may cause the cement in which 
the caps and bolts are set to disintegrate. We are at present 
carrying on investigations with the object of devising some 
means of absorbing this vibration between the steel cables and 
the insulators. 

The cables as originally strung allowed the following clearances 
between the copper conductors and the average water level 
during the season of navigation: Downstream, 172.5 ft.; 
Center, 178.8 ft.; Upstream 180.6 ft. 

The temperature at the time of erection was about 20 deg. 
fahr. As there is a change in sag of approximately one foot for 
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each 10 deg. change in temperature the above would correspond 
roughly to.clearances at 110 deg. fahr. of 163.5, 169.8, and 
171.6 feet respectively. 

At the time these cables were erected we naturally expected 
the sag to increase as the cables stretched under the load until 
the strands were drawn tightly together. There was no data 
available with regard to the amount of stretch to be expected so 
that it was impossible to allow for this in sagging the cables. 
The hoist, therefore, was left in position so that we could pull up 
the cables when the sag became too great. 

_ In May of this year we found that the sag in the cables had 
increased by from 24 to 27J^ ft. and that in order to obtain the 
necessary clearance over the channel we would have to take up 
24 ft. in the sag of the downstream cable and 13 ft. and 14 ft. in 
that of the center and upstream cables respectively. The 
amount by which a cable will stretch in taking up a given amount 
m t e sag varies inversely as the modulus of elasticity of the 
cable. Owing to the low modulus which we worked out for the 
cable from the results of the tests made at McGill University we 
were in doubt as to the amount of take-up required. We found 
that in order to take up 24 ft. in the sag we would need to pull 
the cable in between 7.2 and 10.4 ft. depending on the value of 
this modulus. This cable was taken in about eight ft. with a 
consequent reduction in the sag of about 25 ft. This corres¬ 
ponds to the result that would be obtained if the modulus of 
elasticity of the cable were 17,000,000 lbs. In other words it 
would appear that from the time of the original sagging of the 
cable to the time the cable was re-sagged the modulus of elas¬ 
ticity had increased from 7,250,000 lb. to 17,000,000 lb. This 
change in modulus is no doubt due to the gradual stretching of 
the cable causing the wires and strands to draw more closely 
together under the constantly applied tension of the span. 

Ice Protection 

Ice condltlon s in the St. Lawrence River at this point are at 
times very troublesome and we considered it advisable to con- 
ruct some kind of guard piers outside the towers to obviate the 
possibility of damage from this source. During the winter we 
deposited about 3000 tons of field stone on the river bed on each 
side about 75 ft. from the upstream and river faces of the towers, 
carrying the rock up to an elevation about three ft. above the 
level of the ice. The ice usually goes out about this level, but 
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last year conditions were exceptional, and before the ice moved 
it had risen above the tops of our ice-breakers and passed clear 
over them piling up around the tower foundations to a height of 
25 or 30 feet. Fortunately no damage was done. We are at 
present completing the guard piers, by means of reinforced 
concrete cribs filled with rock and carried to about the level of the 
maximum recorded high water. 


Sag Calculations 

In oui calculations for sag, tension, length of cable, etc. under 
vdiious conditions, we used the parabolic formulas in preference 
to the hypei bolic formulas for the catenary, on account of the 
gi eater simplicity of the former. Comparison was made how- 
evei between the two sets of formulas and we found, as we had 
expected, that at working tensions the difference was negligible. 
1 he formulas for the parabola gave us about six in. more sag and 
about one ft. less length of cable than the catenary formulas for 
the same conditions of tension and temperature. 

We assumed the maximum load on the cable to be three-fourths 
oi ail inch of ice all around and 10 lb. of wind per square foot of 
projected, area, for both the steel and copper lines, at a tempera¬ 
ture of 0 cleg. fahr. Under these conditions the calculated ten¬ 
sion in the cable is about 106,000 lb. with a sag of 228 ft. The 
normal tension at summer temperatures is about 61,000 lb. with 
a sag of 185 ft. 

Conclusion 

There are still a few details to be worked out in connection 
with the crossing • before we can consider the undertakings 
completed. The questions of providing two circuits on the 
crossing and of devising some means of absorbing the vibration 
are still under consideration. The problem of inspection and 
renewal of the suspension insulators has been only partially 
solved. 

The crossing has been in uninterrupted service now for about 
nine months. It has not yet weathered a winter with its low 
temperatures, gales, and sleet storms, so that we still have 
something to learn about its action under these conditions. The 
allowable stresses, however, have been kept within reasonable 
limits and we hardly expect serious trouble from this source. 
The success that has attended the operation of the crossing since 
it was put into service gives us reason to expect a satisfactory 
solution to the problems still remaining. 
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Discussion on “110,000-Volt Transmission Line Over the 

St. Lawrence River” (Svenningson), Toronto, Canada, 
November 22, 1918. 


C. W. Baker: There’are two questions I would like to ask. 
-Tirst, in the crossing with the submarine cables, why, sus- 
pena them in the steamer channel, why not let them lie right on 
the bottom? Would that obviate the trouble you had with the 
swinging of the cable in the steamer channel, breaking it off at 
the points of suspension? 

. Second, in blasting out the boulders you encountered in 
sinking the caissons, at the south shore, how did you prevent 
destroying the caissons at the same time? 

S. Svenningson: With regard to the submarine cables, the 
reason for the cables hanging loose was on account of the very 
steep slopes at certain points of the river and at the same time 
the very strong current. Of the five submarine cables we have 

i 11 *.'£y ace ’ . ^ re has really been one cable which has given abso¬ 
lutely satisfactory service, and that happened to be a very 
heavy cable, three-core conductor with a very heavy armoring 
eature. . The river bottom in the St. Lawrence changes from 
^ ime on account of shifting of fine sand and light stones 
which torm the river bed. We tried very hard to weight down- 

an< ^ ^ en we igkts on them, but did not succeed. 
With regard to blasting of the stones in the caisson, we had to 
take particular care that the caissons were emptied before the 
s ot was fired. For that reason, we had a steam pump that 
would pump the caissons dry, and then we went down and drilled 
the stone and placed the charge. In spite of that we did have 

u n L^ CC1< ^ en ^‘ 0. ne caisson cracked for a distance of five feet, 
but tortunately it held together and no damage was done. 

Ernest V. Pannell: I do not think sitting in this room we 

stupendous character of the work described 
y Mr. Svenningson s paper. It would be necessary, for us to 
take a trip to Three Rivers. If we imagine the Excelsior Life 

ft-7 placed on top of the Royal Bank Building, 250 
it. high, we shall have some conception of the height of the 
towers employed in this crossing. 

, J wish to ask Mr. Svenningson about a point which I do not 

^ 1 fl WaS covere .d the paper. That is the formula he used 
tor the compression legs of the towers. I examined a few of 
these formulas lately and find that the results vary as much as 
00 per cent, according to the different expressions used, and it 
would make the paper more complete if, when he revises it, Mr. 
Svenningson would express the formula used for obtaining the 
compression m the legs, and also the value of L/r for these legs. 

he point about the modulus of elasticity of the cables is 
very interesting. I have tested out wire myself and expected 
J?. a modulus Of nine million, and found that it came out 

2 e . an , d ° n + t h !H milll . on ’ that is ’ the actual modulus is about 
one-third of the theoretical modulus, and I cannot account for it, 
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whether ^thp ma y have some theory, as to 

rfcibTe tettTbeWn S** tSbS S' “ V 

nKm-it o 7 V.f a fips, or whether there is somethin 

I do „ot £ d cable which there is not about solid material. 

when the thee ^ i ha f- ^ r -. Svenni ngson any theory why, 

shoiil]YtY^? QnnS y of the cable is 21,000,000 it 

cabled w h^ ¥ 8 ; 000 ’°P 0 -. That is not only true of steel 
cables, but h is also true of other forms of cables. 

of w V nf+h? 6 ? ° n: h regard t0 the formula for the compression 

r1iiVRrfri! he o tOWer ’ ^ 1S T a ? tandard formula used bv the Cana- 
i an Bridge Company. I do not remember exactly that for¬ 
mula. Lf r was somewhere around 80. 

****** ™-?dttlus of elasticity, I believe that our 

observation at Three Rivers has shown that the difference in the 
modulus of elasticity, the theoretical from the practical, is due 
to the effect of a stretching of the cable the first month, or six 
weeks and, as I said m the paper, that might introduce a great 

! y.i.° vl ^ ra ^ lon > very violent at times, which I believe was due 
center core taking relatively more load than the out¬ 
side strands. In making up the cores, the center was made 
ot a softer material than the outside. It was made of soft 
steel to allow for a good deal of stretching, and as I re¬ 
marked, the modulus of elasticity that we found is about 
7.000.000 lb., while after the cable had been up for six 
weeks or two months, it had apparently increased to about 
17,000,000 lb., which I believe is due to all the wires tak- 


mg their proportion of the load. In other words, when you 
test a small piece of cable in a testing machine, possibly 25 per 
cent of the wires will take 75 per cent of the load. 

H. B. Dwight: What precautions are taken to protect the 
steel cable against corrosion as the years go on? . I presume the 
galvanizing is good for a few years, but probably after that time 
something will have to be done for a structure of such importance. 
Its life, to be worth while, must necessarily be a good many years. 

S. Svenningson: When the time comes the galvanizing will 
flake off, and, of course, we have to paint the wire and use what 
we call ‘"cable dope.” We send a man out on the cables to paint 
them. 


H. B. Dwight: How often would that have to be done? 

S. Svenningson: I believe it would have to be done about 
once a year, and it may be, after the cable has been up ten or 
fifteen years, the cable will have to be replaced. 

H. B. Dwight: While you are answering that question, may 
I ask if you have had any experience with the ground cables on 
your transmission lines; have you had any necessity for replacing 
the steel ground cables? 

S. Svenningson: No, we have not. 

H. C. Don Carlos: Mr. Svenningson mentions as one of the 
deciding features in determining the long span construction as 
against the short span construction, the inaccessibility of the 
towers in a short span construction. It seems to me that would 
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probably be more than offset by the inaccessibility of the insula¬ 
tors in the long span construction, and the suspended conductor 
from the messenger. I think, undoubtedly, the insulators will 
require more attention than the towers would, and will have 
to be gotten at more often. In the short span construction, 
it would have been a very simple matter to have provided a 
messenger cable for getting at the towers under all conditions. 

In reading over the paper and noting the very wide difference 
of tension between the summer conditions and the winter condi¬ 
tions with the ice load and heavy wind pressure, it occurs that 
it might have cut down the cost of the construction considerably 
to have counter-weighted these cables and provided uniform ten¬ 
sion rather than approximating a uniform sag. During the winter, 
when you have a heavy ice load, it would obviously have been 
unnecessary to provide navigation clearances. It might be, with 
the ice loading and the wind loading, they would not have 
sufficient clearance from ground for safe operation; but if it did 
work out that the sags were not too great, it seems to me that 
it would have been a much safer construction and probably 
much cheaper construction, to have counter-weighted the cables. 

I would ask if they considered that proposition at all. 

Another question I would like to ask is this—I notice there is 
considerable difference between the clearances of the different 
cables, but I could not figure out just why that was, and I was 

wondering whether that would be accounted for bv the grade in 
the river. ” ° 


Another thing that struck me as being a rather dangerous 
proposition in this construction is the possibility of damage to 
the messenger cable through an insulator breakdown or flash- 
oyer and the arcing to the grounded messenger cable might 
pit the messenger cable, and if anything should happen to the 
protective relays to prevent the line dropping out quickly, it 
might even seriously damage the cable and weaken it by the arc 
hanging on. I believe the Shawinigan Company operated 
with a dead ground neutral, and it probably would not be pos- 
St, han £ on t0 an arcing ground for any length of time, but 

l w ere T? that possiblll ty of an arcing ground dam- 

c ^ le and burning it to the point of failure. 

1S t . horizontal displacement of the cable under the 
maximum wind conditions that they have experienced Have 
any observations been made along that line? ? 

up^o th^thne^of- length d f ^ next longest s P an? 1 believe 
was^cSss^ ^truction the longest span in existence 

rf thSant ST 21S u m ay A but 1 do not recall what the length 
o v Pfi 1 is, and probably the author of the paper will tell us. 

at p oi ntX g T ^ : A r6gards l he inaccessibility of the towers 
with that vta rTr i ° fC ? Ur y ^ s hould be borne in mind to start 

the main cabhf "That iVone° realo^T oT?^? insu . lators on 
insulator which we have to replace will would only be of light 
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weight, while if one of the heaviest pieces, in a series of insula¬ 
tors, on the Point-du-Lac scheme, should break down, it would 
be hard to replace them. 

H. C. Don Carlos: I suggest that in a case of the 2000-ft. 
span which you had for the short span construction, you would 
have only used standard insulators? 

S. Svenningson : We would have to use standard insulators 
in parallel. 

H. C. Don Carlos: Yes. 

S. Svenningson: . Assuming you adopt a similar type, the 
same as you start with on the cable line, if a series of insulators, 
or one insulator breaks, the whole thing falls down practically, 
and that means that you must pull back the cable. 

In regard to counter-weighting, we considered that, but, of 
course, the heavy windstorms and the sleet will occur at times 
of the year when the river is still open to navigation,—for 
instance, we had at the beginning of this week a very heavy 
sleet storm and a great rise in the tide, so that the water in 
Quebec rose about fifteen feet. Under such conditions, if we 
had employed counter-weighting, and a steamer should come 
up the channel, something might happen. 

Another thing is that on account of that slight angle where the 
cable leaves the tower, the horizontal pull on the tower is slight, 
due to the difference in tension. The maximum tension on the 
tower from each cable is only 14,000 lb., and the weight of the 
tower would be practically the same, due to its height and the 
wind pressure which is exerted on the tower. 

You asked a question about the displacement of the cable. 
Do you mean the horizontal deflection? 

H. C. Don Carlos: Yes. 

S. Svenningson: No, we have not seen much of that. 
Another question was the difference in sag of different cables. 
There is a difference of sag of about 10 ft.—I think that was the 
maximum—and that was undoubtedly due to the difference in 
the stretching of the cable during erection. The cables were 
measured, and they were exactly of the same length, but during 
erection one cable was stretched, probably, a little more than 
the other. 

With regard to the arcing over of the insulators, the line is 
now operating at 50,000 volts, and we have eight skirt insulators 
in use, so that the possibility of arcing over is rather remote. 

. In regard to the next longest span, as Mr. Don Carlos men¬ 
tions, that is the span over San Francisco Bay, which is 4400 ft. 
in length. I believe the United States Aluminum Company is 
erecting a span in the South somewhere, which is over 5000 ft. 
in length. That is a span between two mountains and the cable 
only consists of a 7-in. cable. 

H. C. Don Carlos: Steel core aluminum? 

S. Svenningson: I do not know. 

T. A. Worcester: May I ask Mr. Svenningson if it is con¬ 
templated to abandon the use of the special insulator and 
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continue to use the .suspension insulator with copper conductors? 

S. Svenningson: That has not finally been decided. We 
have - the two schemes. One scheme is to put in the heavy 
insulator, which means we have to take down the lines, and that 
will have to be done in the winter time when we can build a pole 
line across the ice. With the other scheme we also find it 
necessary to have a pole line, but that can be coincident with 
taking down the wires.. That has not been finally decided on. 

F. J. Wyman: I think it occurs, perhaps quite frequently, 
where we have a combination of submarine or underground 
cable and. overhead cable, and apparatus at each end, that the 
combination. of inductance and capacity causes more or less 
disturbance in the lines in the nature of surges and static dis¬ 
turbances, consequently I would like to ask Mr. Svenningson if, 
in changing this line over, there has been any diminution of any 
kind in the disturbances, that is, if they were noticable before to 
any extent, and whether, since the change over, there has been 
any diminution’ 4 . Were there any oscillograms taken before the 
change, and^has there been any since? 

S. Svenningson: We have two transmission lines leading 
down to the St. Lawrence River, and two transmission lines 
beginning from the South Shore down to the Sherbrooke district. 
As soon as the overhead crossing was built one line, the Thetford 
line, went over the overhead crossing, and the submarine crossing 
took care of the Sherbrooke line; but, so far as I know, they 
were not operated in parallel. 

No tests have been made of the crossing, and so far as disturb- 

ances are concerned, I really do not know that I have noticed any 
dirierence. 


T. A. Worcester: Another question—in the original plan, 
when it was contemplated to use the special strain insulator, was 
the problem of sleet considered, and were any arrangements 
made for melting the sleet from the conductors by heating them, 
either by the normal current, or by special short-circuit arrange¬ 
ments^ at times of light load? Would such an arrangement 
matenally reduce the size of conductors which were required? 

S. Svenningson: No, that is not considered, because very v 

o en we have disturbances at a time when we have no current 
to melt the sleet. 

W. P. Dobson. I was interested in the two types of formulas 
or calculating ^ spans, especially in connection with shorter 
^ this work Mr. Svenningson has done shows 

that the simpler formulas and simple methods of calculation are 
quite suitable for spans of practically any commercial limits. 

ask Mr. Svenningson what the stress in the porcelain insula¬ 
tors at the ends of the span was. 

S. Svenningson : The stress per square inch? 

W. P. Dobson: Yes. 

S. Svenningson: The total area was 300 sq. in. and the maxi- 
mum tension is 106,000 lb. That would be about 300 lb. per s“ S. 
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T HE production of anthracite coal in the United States for 
the past five years was as follows: 


Years 


Total Gross Tons 

1913. . . 


.81,809,782 

1914... 


.81,580,479 

1915... 


.79,803,374 

1916... 


.78,406,387 

1917... 


.89,720,982 


I he undeveloped beds are to such a large extent owned or 
controlled by the large producers that no extensive opening of 
new mines has taken place in recent years nor is to be expected 
in the near future. 

In the bituminous fields there are many independent holdings, 
and when the coal business was flourishing many new "com¬ 
panies were formed and opened up new mines, using electric 
drive, mainly on account of lower first cost for installation of 
machinery. The resulting economies were such as to force the 
former steam-operated mines to electrify even where it was 
necessary to throw away expensive steam equipment. 

Coal producers are conservative and not having the many 
examples of successfully operated electrified mines before them, 
the anthracite operators have been slower in seeing the benefits 
to be derived and the economies to be effected by throwing out 
their steam-operated and replacing it with electrically-operated 
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equipment. The margin of profit, due to the better organiza¬ 
tion of the producers, was also higher and the necessity of saving 
in the cost of production had not been brought home to them 
with the same force. For these reasons the possibilities of 
making a greater progress, in the decrease in amount of coal 
burned for power, in increased production of coal, in decrease 
in amount of labor and in the general living conditions for the 
employees, exists to a greater extent in the anthracite than in 
the bituminous coal regions. 

The anthracite operators, are at the present time keenly 
alive to this fact and are making every effort to take advantage 
of the improvements to be made by electrification of their 
mines, but are handicapped by the difficulty of securing electri¬ 
cal equipment and by the impossibility of securing sufficient 
power from the central stations supplying power to the anthra¬ 
cite regions. 

The mines that have been electrified show some surprising 
results. The following figures are taken from a paper read before 
the A. I. M. E. (Economy of Electricity over steam for Power 
Purposes in and about Mines, by R. E. Hobart, Feb. 18th, 1918.) 

Steam Operation Electrical Opera- 
April 1914 to tion Nov. 1916 to 
April 1915 Nov. 1917 


Cost of Power.. $46,992 $21,590 

Cost of Heating.Included in above 8,700 


Total................ $46,992 $30,290 

Tons of coal mined. . . . 343,665 435,073 

Cost per ton... $0,137 $0.0696 

When it is remembered that the value of the coal burned 
v ith steam operation has more than doubled and that the 
output of coal per man per year employed has increased from 
540 tons to 647 tons it will be seen the figures above, large as 
they are, represent only part of the saving to be effected. 

Some other figures obtained are interesting as showing costs 
of electrification, power used, etc. 

^ em Mine No. 1 Mine No. 2 


tons-yearly...... 


Kw-hr. consumption.. . 

Kw. demand_... 

Annual L. F. 


641,533 670,000 

2,312,195 3,477,876 

870 1,135 

30.4 35 
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Fig. 1— An Early Anthracite Breaker-—Still in Operation 
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Kw-hr. per ton mined- 

Kv-a. trans. capacity.... 

H. P. connected. 

Cost of electrification.-... 

Cost per h. p. connected. 

Per cent kw-hr. per pump¬ 
ing . 

Average depth of mine... 650 ft.(198.1m.)800 ft.(243.8m.) 

Mine No. 2 had a boiler plant of 800 h. p., used 900 tons of 
coal per month and 11 men have been put to other work about 
the mine. The output will be largely increased this year as 
the above investment provides for additional equipment, not 
yet in operation. 



HOUR OF DAY 

Fig. 3—Typical Anthracite Mine Load 


Mine No. 1 has no pumping, hence the low kw-hr. per ton 
mined. 

The best figures I have yet been able to obtain indicate that 
12 kw-hr. per gross ton of coal mined is the average figure for 
an anthracite mine. This is of course subject to wide variations 
in individual cases on account of depth of mine, amount of air 
required for ventilation, quantity of water to be pumped as 
well as the head pumped against, and amount of work necessary 
to prepare coal for market. The writer, three years ago secured 
figures from over fifty bituminous mines and it is interesting 
to note the average kw-hr. per gross ton mined was 3.57. 

The less power required for mining bituminous coal is due to 
various causes, among which may be mentioned: 

Depth of Mine. Bituminous mines in many cases are situated 
above tipple, so that coal is brought to the surface on level tracks, 


3.6 

2,000 

2,400 

$134,500 

56.04 


5.2 

3,500 

2,535 

$325,000 

128.20 
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and from this point is loaded into the cars by gravity, while 
the anthracite mines are from 300 ft. (91.4 m.) to 1000 ft. 
(304.8 m.) in depth and all of the coal has to be raised to the 
surface and from there to the breaker. 

Pumping of Water. The anthracite mines have more water 
to be taken care of and this water has to be elevated from the 
lowest level. 

Ventilation. In spite of the fact that there is less volatile 
in the anthracite coal there is generally more gas to be taken 
from the mine and a larger amount of ventilation has to be pro¬ 
vided for and the additional space used for shafts, etc. has 
to be ventilated. 

Preparation. The breaker of the anthracite mine requires 
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Fig. 4—Typical Breaker Load and Mine Haulage 

more power as the coal is sized to a greater extent than is bitumi¬ 
nous coal. 

One anthracite mine had meters installed for the different 
services for one year and the following average figures were 


obtained. 

Operation Kw-hr. per 

-- gross ton of coal 

produced 

Haulage. ..... .... 1.73 

Ventilation___ . .... 1.62 

Drainage.. 1.30 

Lighting (inc. charging station).. 0.12 

Hoisting... 1.02 

Air compressor.... 2.11 

Breaker......... 4 75 
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Fig. 5—An Electrically Driven Hoist 

3 —2200-volt—675 h. p.—450 rev. per min.—wound-rotor 
double drum hoist running 1500 feet per minute with two ,j-t< 
-95 cars per hour. 


Fig. 6 —-1 

Current supplied through a bank of 
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Pig. 7— An Electrically Driven Hoist [crane] 


60-cycle—440-volt—125-h. p.-—500-rev 
hoist 900 feet per minute—one 3-ton car— 
hour. 


per min.—wound-rotor motor—single drum 
slope 1000 feet long 52 degree pitch—IS cars per 
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The above mine produced 558,394 tons for the year. 

If we assume 12 kw-hr. per ton of coal produced there would 
have been required in 1917 if all the coal had been produced 
electrically. 1,076,652,000 kw-hr. 

There was actually used in 1917 in elec¬ 
trically operate^ anthracite mines from 
central station and mine plants. 215,000,000 

Total kw-hr. necessary to produce re¬ 
mainder of coal electrically. 861,652,000 

* 

At the present time 10 per cent of the coal produced is used 
to provide power to mine the remainder. There are some very 
bad cases, at one colliery 400 tons of coal is burned in the boiler 
plant for every 1000 tons of coal shipped. The above 10 per 
cent does not include the coal used at central stations so that 
to produce the 89,720,982 tons in 1917 there was burned under 


boilers. 8,972,000 tons 

In large stations we can produce 1 kw-hr. 

for 2.5 lb. of small anthracite coal. 965,000 

(2.5 X 861,650 divided by 2240) - 

There would be released for sale. 8,007,000 tons 


At one colliery 2.5 per cent of the men were 
released by electrification. There are employed 

in the anthracite region 150,000 men. If 2.5 
per cent are released by electrification this 

makes a total of 3,750 men additional, which 
would be put to mining coal. Each man 
produces 550 tons per year so we should get 


additional (550 X 3750).. 2,062,500 


Additional coal produced by total electrifica¬ 
tion .. 10,069,500 

The cost of providing for this is estimated 
asfollow T s: 

Additional kw-hr. required.. 861,652,000 

At 40 per cent load factor this represents 

a station capacity of. 394,000 kw. 

Cost of plant at $75 per kw.. $29,550,000 

Transmission and distribution lines 250 miles 
at $5,000.. .. .. 1,250,000 


$30,700,000 
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Substation and mine installations 900,000 

h. p. at $40 per h. p. .... . $36,000,000 

The savings to be effected would be 10,069,- 

500 tons of coal at $2.00 per ton. 20,139,000 

Reduced mining cost, 700,000,000 tons at ' 

7c. per ton... 4,900,000 


$25,039,000 

870,000,000 kw-hr. (861,652,000 
plus losses) at 11 mills for current 

delivered at mine. $9,570,000 

Depreciation 5 per cent on 
$36,000,000....:. 1,800,000 11,370,000 


$13,669,000 

This represents 38 per cent on an investment of $36,000,000. 

At the present time the mining companies are financially 
able and are installing as rapidly as possible electrically driven 
machinery for increasing production and cutting down the 
requirements for labor. They cannot at this time secure the 
material for power houses and the central stations are prevented 
from supplying this power by the impossibility of securing the 
necessary capital to add to their facilities. It is suggested 
that means should be found for supplying the amount required 
to finance additions to these plants so that the vital needs of this 
industry for power can be met. 
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DRUM SHAPES AS AFFECTING THE MINE HOIST DUTY 

CYCLE AND MOTOR RATING 


by f. l. stone 


Abstract of Paper 

The standardization of mine hoists, fl '7 f a “ SyS 

r«“ =£2 srtasra? ££ s 

C °T"hP‘ 1 TYrnhfom of drum shape consists in varying the diametei 
of dhe?entpartsofthe Sng drum.so that the loadmaybe 
accelerated and retarded at the beginning and end of 
with the minimum consumption of power. various drum 

Numerical examples of the performan 
shapes under assumed conditions are gi ven. 

IN order to make the subject clear I propose to describe m a 
I very general way why there is a problem connected with 

Coal in this country lies at a depth of from 40 ft. (12.1 m.) to 
1800 ft. (548.6 m.) or more below the surface. T ^ 
only one vein or there may be a number of veins lying ov ® r e 
other. In some instances the parent vein will s P ht “ d f °™ 
two or more veins. The pitch of these veins m any given 
direction may vary from horizontal to vertical. 

In nearly all cases the veins outcrop on the surface somewh 
though they may be so thin and pinched at the outcrop that it 
would be unprofitable to attempt mining operations at tha 

point. « 

Possibly the most violent upheavals m coal v a lllv 

occurred in the anthracite mines m the Panthei Cree. y 

section An approximate cross section of this locality is shown 
in fS 1. From this you will see how the measures twist and 
turn and what a different mining problem is found as compare 

with mining flat coal. . ■ . . 

Fig. 2 shows a hard coal mine in which all conditionss o 
are encountered. This picture tells in plain ^age^th^ 

various methods involved. This mo e is ■ • • ^ 

(4.8m.). The front portion about two thirds the a 
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model shows the workings of an 8-ft. (2.4m.) vein with all the 
pitches from flat to 80 deg. Back of this the overlying measures 
are shown in section with a shaft and a skip hoist or gun boat 
by means of which the coal is taken to two breakers. A con¬ 
veyor is shown taking the coal from the shaft to a breaker. A 
stripping operation is also shown with two steam shovels in 
operation. The back ground is formed by a painting of charac- 
teristic coal region scenery. 

The coal is mined in the various rooms and brought to the 
foot of the shaft or slope in mine cars which hold from one and 
one-half to five tons. It is usually gathered with small loco¬ 
motives and made up into trips and taken to the foot by a 

large haulage locomotive. This locomotive returns with the 
empties. 

1- Diamond Vein 

2- Holmes Vein , 

3- Mammoth Vein 



Fig. 1—Section of Coal Measures in Panther Creek Valley 

The coal is brought to the surface in a number of different 
ways. Tirst the loaded car is put on the cage and. hoisted to 
the landing while an empty is being lowered. At the landing the 
car is taken off the cage and sent to the breaker or tipple over 
the surface. The second method is that of using a dumping 
cage, that is to say the loaded car is taken to the surface and then 
the cage tilted and the car door opened and the contents dumped 
into a chute, the car never leaving the cage. 

The third method is that of dumping the coal directly into a 

skip, the skip holding one or two mine car loads, the car 

never leaving the mine. This method involves an increase'in 

the breakage of coal but not necessarily to any great extent. 

The fourth method is somewhat similar to the third except that 

the coal is dumped from the cars into a hopper and' then loaded 
into the skip. 
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F IG . 2—Model Showing Methods of Mining Anthracite Coal 
Under the Several Conditions of Its Occurrence, also Types 

of Mining Plants 
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1 his method has many features to recommend it. Heavy 
loads can be lifted per trip at a comparatively low speed—for 
example if a given tonnage is required and it takes three trips per 
minute to get this output by the first or second method, a motor 
or engine of a h. p. X would be required. If the output could be 
obtained by the fourth method carrying heavy loads at low 
speed, the capacity of the drive would be reduced to X/2 or more. 
The mechanical parts, would, of course have to be stiffened up 
to take care of the increased rope stress. 

From the foregoing remarks you will realize that standardiza¬ 
tion of mine hoists from the engineers standpoint is out of the 
question, since there are so many factors entering into the calcula¬ 
tions for determining the proper size of motor and a change of any 
one may change the result very materially. 

The following aie the important factors which enter into the 
calculations: 

Tonnage per hour 
Weight of material per trip. 

Total lift. 

Rest period between trips. 

Amount of material to be accelerated and retarded 
per trip. 

You can readily see how at least one of these values will vary 
in every problem. 

The problem is usually stated as follows: 

* 

Mine hoist is required to hoist— 

Tons per day of eight hours a 

Total lift.. b 

Weight of material per trip c 
Weight of cages and cars.. .d 
Rest between trips. . . .e 

If the average rope speed is comparatively high, say 20 ft. 
(6m.) per sec. or greater and the time of a trip comparatively 
short, say 20 sec. including rest period, then one may be fairly 
sure that the horse power required to accelerate the mass will be 
a large factor in determining the motor rating. 

The ordinary horse power—time curve of a hoist using a cylin¬ 
drical drum follows the general shape shown in Fig: 3. Motor 
starting from rest accelerates the total mass to running speed. 
This is held until the cage approaches a landing; then the 
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speed is reduced to rest. The cars are then changed and the 
cycle repeated. 

The heating of the motor is, of course, proportional to the 
square of the current and the current is proportional to the 
torque, and therefore the r. m. s. value of the area from start to 
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Fig. 3—Typical Mine Hoist Duty Cycle 


start (making proper allowances for the acceleration, retardation 
and rest periods) will be the rating of the motor. 

_ You can appreciate the important part played by the accelera¬ 
ting area in the motor rating. It is this peak which, by the shape 
of the drum, we are trying to reduce. 



Fig. 4 


It is obviously impossible to reduce the but we can 

& 


reduce the point B to which the h. p. of acceleration is added. 

, d< r pth T S 1 haVe selected are 300 (91.4m.) and 500 ft. 
{ o .4m.;. I have assumed the same tonnage output in each 

rasp 


* 

In none of the examples chosen has the armature acceleration 
or re ar ation been included as this would only complicate 
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matters and would not change the relative result to anv great 
extent. 

The method of arriving at this motor rating is the usually 
accepted one of r. m. s. By this is meant the square root of the 
average squared ordinate of the entire area under the duty cycle. 
This is not strictly correct but sufficiently accurate for the normal 
hoist cycle. 

I will illustrate the method by the following simple examples: 

1 st. A motor running at constant speed and the load varying 
rapidly. Fig. 4. 

50 2 X 20 = 50,000 


(50 2 + 150 2 + 50 X 150) 

3 


15 = 162,500 


30 2 X 10 


= 9,000 


221,500 = Total squared 



TIME 

Fig. o 


-,^x,ouu_ _ _ mean squared ordinate. 

70 . 

\/ 3164 = 56.2 r. m. s. 

If the values are amperes then the same heating would be 
obtained in the motor as if it were running continuously at 
56.2 amperes. The same is equally true if the values are in 
horse power or kw. direct current, or kv-a. alternating current. 

Now take the case of an intermittent running motor such as 
a hoist drive. Assume a cycle similar to Fig. 5. 
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Since the torque must be held constant or nearly so during 
acceleration the current corresponding to A horse power is flowing 
in the motor during the time T u but since the^ speed is 0 at start 
the horse power must be 0 also. For the slightly cumbersome 


expression 


( 


B 2 + C 2 + B C 


) 


F 2 may be substituted the expres- 


. / B + C \ 2 

sion — J 


X T 2 if the difference between B and C is not 


greater than 10 or 15 per cent. The line joining B 2 and C 2 isin 
reality a curve and the area under this curve is represented 
actually by the expression above. The same remarks regarding 
A apply to D, the torque must be held constant from the time 
retardation begins until the hoist comes to rest. In getting the 
average square ordinate it would be incorrect to use the full 
value of T Xi T z or T± as in the first two cases the motor starts 
from rest and only reaches full speed at end of 7\ and is at rest 
at end of T z . Therefore the ventilation is cut down quite 
materially. Experience has shown that for a-c. motors the value 
2 may be used for K■ and for d-c. machines which are more 
exposed the value 1.33 may be used, while in the case of L x for 
a-c. machines 4 is used and for d-c. 2. 

In the calculation of all the cases, the moment method has 
been used. By that I mean that the moment of all the forces 
that lequire power such as the up-cage car and coa\, up-rope, 
acceleration and friction are working against the motor and 
considered as positive moments while the down-cage and car, 
down-rope, and retardation are assisting the motor and there¬ 
fore considered negative. The total negative values are sub¬ 
tracted turn for turn from the total positive values and the net 

moment found. From the shape of the drum and the depth, the 
total turns may be readily found. 

From the total turns may be calculated the r. p. s. as follows: 

R.P.S. - —I urn i_ = v 


2 

■j , 

Where T = total running time, t a = time of acceleration, i T = 
time of retardation. 

In regard to the friction value which has been assumed as 
-5 per cent of the useful work done in all cases. This 
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value covers the mechanical losses in hoist from motor 
coupling to the actual work done in the shaft, including 
gear and bearing losses, rope bending, guide friction and 
cage windage. There is, of course, no absolute method of pre¬ 
determining this value and an intelligent guess is about the best 
method for practical cases. Many formulas have been evolved 
for the calculation of this value but they are based on assump¬ 
tions which may or may not be correct. 

Having the total moment including friction the horse power 
can be found by substituting in the following simple formula: 


H. P. - 


2 7r r M 
550 


(f = r. p. s., M — Moment.) 


This formula is derived as follows: 
at any point M = W X radius 

Distance traveled in one second = 27r X radius X r. p. s. = V. 


V X W = ft. lb. per sec. 

V X W __ , _ 2 7r X Radius X W X r. p. s. 

550 h - P- - 550 


2 X if X r. p. s. 
550 


We now come to the consideration of the cases selected. 
Only in the case of the cylindro-conical drum (Case 4) are the 
actual figures of the calculation shown. This case will serve to 
illustrate the general method used. 


Weight of coal hoisted . 

Tnfnl lift 

. 5,000 

. 300 

lb. 

ft. 

Weight of cage . 

WpiVht of car .* • * • 

. 11,000 

.. 4,000 

lb. 

lb. 

VV Gig,lib U1 Ccti. 

p nrl p . 

1.5 

25 in. 

* * 

r\f Pvi C T\ PT* TT11T1 .. 

. 3 


lNUtnoer oi tripb pci nmi.. .. 

Rest between trips . 

4 

sec. 


Case 1—Cylindrical drum. 

Case 2.—Conical drum. 

Case 3.—Cylindro-conical with long cone. 
Case 4. —Cylindro-conical with short cone. 


One of the most important points to be determined in the 
calculation of these cycles is the weight and radius of gyration 
of the rotating parts of the hoist. The figures used have been 
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secured from various hoist builders at various times and are 
believed to be fairly accurate. 

Calculation of Case 4:— 

Acceleration in 5 sec., run 6 sec., retard 5 sec., rest 4 sec. 

To find number of turns on small 
drum to take up acceleration. 


x = r. p. s. 


5 v 
~ 

5 x 


Turns during acceleration. 



2 X 7r X 6 = length of rope 

wound on during acceleration. (1) 

5 x 

-Tv- X 7r X 8 = length of rope wound on during retardation. 

2 ( 2 ) 

3 X 7 7r = length of ropewound on cone. (3 ) 

fi x = turns during constant running. 

6 x — 3 = turns on large diameter during constant run. 

(6 x — 3) 8 7r = Rope wound on. ( 4 ) 

‘ 300 


5x X 6 T + ~ X 8 7r + 21 t+( 6 x — 3) 8 x 


2 ' ~ " 1 2 

30 7r x + 40 7r x + 42 7r + 96 t x — 48 t 

166 7r x — 6 7r = 600 

166 7rx = 618.9 

618.9 


600 


x 


166.7T 


= 1.187 1 -. p. s. 


Turns acceleration — - Ml — - 

2 

Turns on cone... 

Turns on large diam. 6 X 1.187- 3. 

Turns retard large diam. - 1187x5 . 

2 


2.97 

3 

4.11 
2.97 


Total Turns. 


13.05 


Distance passed over. 

Acceleration.. 2.97 X 6 t... . 

U P cone. 3 x 7 ir . 

Large diam. constant speed 4.11 X 8 x. 

Large diam. retard.2.97 X 8 7 r. 


56 ft. 
66 ft. 
103.3 ft. 
74.7 ft. 


Total Lift 


* * • 


* • « » 




.300.0 
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Moments. 
Up load 

11,000 cage 
5,000 coal 
4,000 car 


20,000 total. 


Turns 

0 

Weight 

20,000 

X 

Radius 

3 

Moment. 
= 60,000 

2.97 

20,000 

X 

3 

= 60,000 

5.97 

20,000 

X 

4 

= 80,000 

10.08 

20,000 

X 

4 

= 80,000 

13.05 

20,000 

X 

4 

= 80,000 


Down Load 

11,000 cage 
4,000 car 


15,000 total. 


Turns 

Weight 


Radius 


Moment. 

0 

15,000 

X 

4 

= 

60,000 

2.97 

15,000 

X 

4 

— 

60,000 

7.08 

15,000 

X 

4 


60,000 

10.08 

15,000 

X 

3 

= 

45,000 

13.05 

15,000 

X 

3 

— 

45,000 

Up-rope (1.25 in. < 

diam. weight 2 

.45 lb. per foot) 

Turns 

Weight 

Radius 

Moment. 

0 . 

300 X 2. 

45 

X 3 

— 

2,205 

2.97 

244 X 2.45 

X 3 

= 

1,795 

5.97 

178 X 2.45 

X 4 

— 

1,743 

10.08 

74.7 X 2.45 

X 4 


732 

13.05 

0 




0 



Down-rope 



Turns 






0 

0 




0 

2.97 

74.7 X 

2.45 X 

4 = 

732 

7.08 

178. 

X 

2.45 X 

4 = 

1,743 

10.08 

244. 

X 

2.45 X 

3 = 

1,795 

13.05 

300 

X 

2.45 X 

3 

2,205 


Plot all curves on coordinate paper—Moments against turns. 
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Sum of Moments. 




Turns. 

Up-load. . .. 

Rope. 

Total up ... 

0 

60,000 

2,200 

62,200 

2.97 

60,000 

1,790 

61,790 

Up 

5.97 

80,000 

1,740 

81,740 

7.08 

80,000 

1,500 

81,500 

10.08 

80,000 

730 

80,730 

13.05 

80,000 

0 

80,000 

Down-load . 
Rope. 

60,000 

0 

60,000 

730 

Down 

60,000 

1,500 

60,000 

1,740 

45,000 

1,790 

45,000 

2,200 

Total. 

60,000 

60,730 

61,500 

61,740 

46,790 

47,200 

Total up ... 
Total down. 

62,200 

60,000 

61,790 

60,730 

81,740 

61,500 

81,500 

61,740 

80,730 

46,790 

80,000 

47,200 

Net. 

Friction.... 

2,200 

4,600 

1,060 

4,600 

20,240 

4,600 

19,760 

4,600 

33,940 

4,600 

32,800 

4,600 


Gross M ... 6,800 6,660 24,840 24,360 38,540 


Friction Determination. 
2200 + 1060 


1060 + 20,240 
2 

20,240 + 19,760 


X 2.97 


X 3 


X 1.11 


4,830 


31,950 


22,200 


19,760 + 33,940 


33,940 + 32,800 


X 3 = 80,550 


X 2.97 = 99,000 


Area in moment turns 
Average ordinate 


238,530 


238,530 
13.050 


18,300 


Friction ordinate 


18,300 __ 

0.80 ~ 22 > 900 

22,900 - 18,300 = 4600 


37,400 
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Acceleration and retardation of loads in shaft due to cone. 


a 


Vi — Vo 

T 


Acceleration up-load = 6 tt X 1.187 

vi = 8 7r X 1.187 

3 


22.4 

29.85 


rj~\ 


a 


1.187 

7.45 


2.53 sec. 


2.93 


2.53 

Allowing 750 lb. for rope in shaft. 

20,750 X 2.93 


F of acceleration 


32.2 


Moment at 2.97 turn = 1,887 X 3 
Moment at 5.97 turn — 1,887 X 4 

Retard down-load. 

15,750 X 2.93 


1887. 

5661. 

7548. 


F of retardation 


32.2 


1435 


Moment at 7.08 turn = 1435 X 4 = 5740 
Moment at 10.08 turn = 1435 X 3 = 4305 

Acceleration of up-load from start to full speed of drum.. 

22.4 


V = 6 TT X 1.187 = 22.4 

w = 20,000 + Rdpe 750. 

= 20,750 X 4.48 = 2m 


a 


5 


4.48. 


32.2 

Acceleration down-load. 

v = 8 7 r X 1.187 = 29.85 
w = 15,000 

15,000 X 5.97 


M = 2870 X 3 = 8600. 


a = 5.97 


F 


2780 


32.2 

M - 2780 X 4 = 11,120 

Dram, and 1/2 rope. 

WR 2 = 350,000, W at 3 ft. = 38,900 
V = 22.4 a - 4.48 

38,900 X 4.48 


F 

M 


32.2 

5410 X 3 = 16,200 


5410 
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Total acceleration moment 

Up-cage, car, coal and rope. 8,600 

Down-cage and car. 11,120 

Drum. 16,200 


Retardation 

Up-load V = 29.85 a = 5.97 

„ a i»xyL x , 

Down-load and rope V = 22.4 a 


35,920 


S/r _ 15,750 X 4.48 
32.2 


14,900 

4.48 

6560 


Drums as before 16,200 

Total retard moment up. 14,900 

Down. 6,560 

Drums. 16,200 


Turns .... 
Gross .... 
Acc."... 
Acc. on 
cone . .. 
Retd, on 
cone . .. 


37,660 

SUM OP MOMENTS—PINAL 

0 2.97 2.97 5.97 5.97 7.08 7.08 10.08 10.08 13.05 

6,800 5,660 5,660 24,840 24,840 24,360 24,360 38,540 38,540 37,400 
35,920 35,920 ... ... 


5,661 7,548 


-5,740 -4,305 


TJ , j * * * 

~ e : ;- .. ... -37,660-37,660 

Total.... 41,720 41,o80 11,321 32,388 24,840 24,360 18,620 34,235 880 -260 

5 5 7.53 7.53 8.47 *8.47 11 11 16 

564 154 438 338 330 253 466 11.9 


1 irae 
H. P. 


0 

580 


3.5 


R. M. S. 


/ 580 + 564 y 

/154 2 + 438 2 + 154 X 438\ 

X 5 = 1,640,000 

\ 3 : J 

1X 2.53 = 239,000 

/ 338 T* 330 


\ 2 ) X 94 

= 110,500 

/253 2 + 466 2 + 253 X 466\ 

X 2.53 = 338,000 

V 3 ) 



{ -2-) X 5 

' 88 


2,327,588 
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Ti = 5 

K = 2 Equiv. 

Time = 

2.5 

r 2 = 6 

u 

u 

6 . 

T 3 = 5 

K = 2 

u 

2.5 

Ti = 4 

L = 4 

u 

1 . 

Total Equiv. Time. 

* • a * • 

12.0 


100000 


80000 


60000 


40000 


20000 



2,327,588 

12 


= 194,000 


V 194,000 = 440. 

Looking at Case I, Figs. 7 and 
8 , you will note the acceleration 
peak goes to 825 h. p. and the 
retardation goes below the zero 
line which indicate the motor 
must be plugged or the mechan¬ 
ical brakes applied to stop the. 
hoist. This in the case of an in¬ 
duction motor drive is not con¬ 
ducive to good operation as the 
operator will invariably plug, 
which is expensive from a power 
standpoint, or he will take longer 
to retard which reduces the out¬ 
put. The r. m. s. value of this 

cycle is 600 h. p. 

Case II is that of a conical 
drum 6 to 8 ft. in diameter. It 
will be noted the acceleration 
peak is considerably less in this 
than in Case I. This is brought 
about by the fact that the point 
B in the master diagram, has 
been reduced to approximately 
200 h.p. Here, again during 

retardation the value becomes negative and as in Case I the 
motor must,be plugged or stopped by means of mechanical 
brakes, though not to any such great extent as in Case I. 
The r. m. s. value of this cycle is 482 h. p. This is shown m Figs. 

9 and 10. . . , 

Case III is that of a cyclindro-conical drum m which the 


20000 
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60000 


80000 


2 4 6 8 10 12 14 
TURNS 

Fgi. 7 —Moment Diagram- 
Case I—Single Cylindrical 
Drum— W R 2 Rotating Parts 
200,000 

A = Total monent up load 
B — Moment up cage car and ore 
C = Acceleration moment 
B = Up rope moment 
E = Down rope moment 
F = Friction moment 
‘ G = Retardation moment 
H ~ Down cage and car moment 
I = Total down moment 
M = Total net moment 
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cylindrical parts are just large enough to take the turns during 
acceleration and retardation. The turns on the large diameter 
are common to both ropes, the drum being symmetrical around 
the center line. Here we have reduced the accelerating h. p. to 
approximately 600, and the retarding h. p. above the line which 
indicates that power must be kept on to a very small extent 

urmg retardation. The r. m. s. value in this instance is 452 
h. p. Shown in Pigs. 11 and 12. 

Case IV, the calculation of which has been given in the 
previous pages is that of a cylindro-conical drum with a very 
s eep pitch or spiral cone. This gives a good manv of the char¬ 
acteristics found in Case III and a r.m.s. value of 440, so that 



Pig. 8 


apparently little is gamed in the use of the steep pitch cone over 
the medium pitch cone of Case III and there is always some 
question m the minds of some operators, whether or not the 
pitch cone is a very desirable design. Personally I am not ex- 
penenced enough with their operation and life to express an 

a^mode ^ ^ S&me reSult Can be Gained with 

a moderate pitched cone, I personally would prefer the latter. 

Figs. 13 and 14 show results clearly 

beS useTblt l l \ T 7 d J X ^ Same t0nna * e <*** has 
of coiircp ’ th depth 0f the shaft mcrease d to 500 ft. This, 

cZ \rT eaJ lt t V T 7 mUCh m ° re rapid speed of hoisting. 

Case VI is that of a cylindrical drum which shows a very 

Arable cycle from an induction motor standpoint It £ 
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TURNS 

Fig. 9—Moment Diagram— 
Case II—Conical Drum 6 ft. 
to 8 ft.— WR 2 Rotating Parts 
300,000 

A as Moment up load, total 
B = Moment up car, cage and ore 
C = Moment acceleration 
D — Moment up rope 
E = Moment down rope 
F = Moment friction 
G = Moment retardation 
H = Moment down car and cage 
I = Moment total down side 
M ~ Moment total net 


Case II 
Conical Drum 




Fig. 11 —Moment Diagram— 
Case III — Cylindro-Conical 
Drums 6 ft. to 8 ft. — W R 2 Ro¬ 
tating Parts 300,000 

B = Moment up car, cage and ore 
C == Moment acceleration 
D — Moment up rope 
E = Moment down rope 
F = Moment friction 
G = Moment retardation 
H — Moment down cage and car 
M = Total net moment 



TIME 


Fig. 12 
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TURNS 

Fig. 13 —Moment Diagram— 
Case IV Cylindrical Conical 
Drum— 3 Turns on Cone —WR 2 
Rotating Parts 350,000 

B = Moment up cage, car and ore 

C = Acceleration 

Ci = Acceleration up load on cone 

D — Moment up rope 

E = Moment down rope 

F Moment friction 

G = Moment retardation 

Gi — Retardation down load on cone 

H =* Moment down cage and car 

- / - Moment total net 


80000 



0 4 8 12 16 20 24 28 


TURNS 

Fig. 15 — Case VI — Moment 
Diagram — Cylindrical Drum — 
W R 2 » 250,000— Depth 500 ft. 

B = Moment up car cage and load 
C = Moment acceleration 
D = Moment up rope 
E = Moment down rope 
F = Moment mechanical friction 
G = Moment retardation 
H = Moment down cage and car 
M = Total net moments 



Fig. 14 



Fig. 16 
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an acceleration peak of over 2000 h. p. and r. m. s. value of 
approximately 1540 h. p. with a large quantity of braking to 
be done to bring the hoist to rest. Figs. 15 and 16. 

Case VII is that of a conical drum 6 to 9 feet. It shows a 
r. m. s. value of 1210 h. p. and a considerable amount of area 
below the line and an acceleration of approximately 1800 h. p. 
Figs. 17 and 18. 

' Case VIII, which is a cylindro-conical drum 6 to 9 ft. with 



0 4 8 12 16 20 24 
TURNS 


Fig. 17— Case VII— Conical 
Drum 6 ft. to 9 ft.— Depth 500 
ft.— W R 2 = 400,000 

B = Moment up cage car and load 
C = Moment acceleration 
D = Moment up rope 
E — Moment down rope 
F - Moment mechanical friction 
G = Moment retardation 
H = Moment down cage and car 
M — Total net moment 


only sufficient cylindrical por¬ 
tions to take care of the active 
turns during acceleration and 
retardation. In this the peak 
is reduced still further and is 
the case of the conical drum, 
namely to approximately 1460 
h. p. The r. m. s. value of 1128 
h. p. and incidently the nega¬ 
tive area has been considerably 
reduced. Figs. 19 and 20. 



TIME 

‘Fig. 18 

Case IX is a cylindro-conical drum with steep pitched cone, 
his shows approximately the same peak as the drum with the 
,ng cone, in Case VIII. but has a slightly less r. m. s. value of 
370 h.p. Figs. 21 and 22. 

None of the latter cases, I believe, are really suitable cycles 
>r induction motor operation and should be driven by Ward- 
eonard equipments. 
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02 4 6 8 10 12 14 16 18 20 
TURNS OF DRUM 

Pig. 19 —Moment Diagram—Case VIII 
— Cylindrical-Conical Drum — W R 2 
400,000 

B =up cage car and load F ~ Mechanical friction 
O = Total acceleration G = Retardation 
Oi = Acceleration up cone Gi — Retardation down cone 
D —Up rope H — Down cage and car 

E = Down rope M = Total net moments 
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Fig. 21 Moment Diagram—Case IX_ 

Cylindrical-Conical Drum 
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I realize, of course, that in this short paper I have only touched 
the high spots in the problem of drum shapes but I have 
hope selected sufficient examples to show that there is in t 
proper selection of drum an opportunity for some real engineering. 

I have kept away from the problem of drum shapes con¬ 
nected with hoisting from great depths as in this class of problem 
the rope weight is usually the reason for any departure from 
the cylindrical drum. The reduction of the acceleration peak 
in deep hoisting is, of course, an advantageous point which 
comes automatically with the coning of the drums, 
weight of the hoisting cable in some of the deep shafts exceeds by 
a considerable amount the weight of the active material hoisted. 
As before stated this is a problem by itself. 
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ELECTRIC POWER IN MINES 

Discussion on “The Use of Electric Power in the Mining 
of Anthracite Coal” (Crane) and “Drum Shape as 
Affecting the Mine Hoist Duty Cycle and Motor 
Rating” (Stone), Philadelphia, Pa., December 13 , 1918 . 

Graham Bright: In regard to Mr. Crane’s paper, I think that 
one of the real reasons why the change to electrical operation 
has been more general in bituminous mines than in anthracite 
mines has been due to the fact that the electrification for the 
average bituminous mine costs less money and takes less appa¬ 
ratus than the average anthracite mine. This is due to the fact 
that many bituminous mines are drift mines and the apparatus 
generally consists of a small rotary or motor-generator set, two 
or three locomotives, a'few small electric pumps and a fan. 
rhis equipment does not run into a great deal of money while in 
the case of the anthracite mines, the coal is taken out from several 
levels requiring a fairly large hoist and heavy pumping. The 
tan and breaker also require considerable power and a large 
amount of electrical equipment. ° 

. Mr. Crane mentions that the margin of profit is a little more 
m the case of the anthracite mine than for the average bituminous 
mine, in fact the profit has been so low in normal times in the 
bituminous mines that in order to compete and make any money 
at all,, it was necessary to take every advantage available, and 
since it has been well proven that electrification cuts down the 
cost of operation to quite an extent, this accounts for the fact 

that many bituminous mines have electrified their operation 
during the last few years. 

The difficulty of obtaining electrical equipment has been rather 
a bay to electrification in the last two or three years. This 
situation should, however, be greatly improved in the near 
future so that little difficulty should be experienced in obtaining 
equipment with fairly good delivery. 

Crane mentions some figures taken from a paper of Mr. 
t * AT Hobart presented before a meeting of the American 
Institute of Mining Engineers last February. The results shown 
m that paper were taken from actual tests and are certainly 
startling. In discussing this paper when delivered, I made the 
statement thdt if the electrical manufacturer had gone to the 
mine operator and made any such claims as are substantiated in 

^ s P a P er > wou ld have probably been thrown out 
ot the office and not given any consideration at all. 

- tiv Crane mentions the fact that the value of coal is about 
double what it was a few years ago. When the price of coal was 
ow, it was generally conceded that the electrification of a mine, 
especially by the use of central station power, would show 
considerable saying over steam operation. The price of coal 
as now been doubled but the price of power from a central 
station has not, so that if there was a decided advantage before, 
there should be a greater advantage at present with the high 
price ot coal and central station power at a price not greatly in 
excess of what it was formerly. 
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power used P.er ton ot coa bituminous mines m Ohio 

anthracite mines _ In a nu^ consumption per ton of 

Si SS/WS™ Vh 2 Ae°r LtfaW i 2 aV ^s 

anthracite mme the ^9”^ “ ^f nes i„ central Pennsylvania 

true that som . e .^Jl^Xhours per ton due to heavy pumping, 
require from 5 to 8 kilowatt no P joints out that the 

heavy fan loads and long hauls. req uires 4 

breaker load alone on the average anthrac^e mme^ ^ ^ 

kilowatt-hours per ton, so tha P P nower than the total 
it is brought to the surface >«qun« ™r^p,°™ e , 

amount required mi the averse hit to pump from 

In some of the anthracite m ■ ton q{ coal hoisted. 

12 to 15 tons of water to the surface tor e - ^ should 

The result is that the oad + factor f h ^”^ ne . In so me 
average very much higher ran . range from 15 to 

of our bituminous mines, the ^fj^dte mine a°load factor of 
25 per cent while m the average anthracite mme a 

over 50 per cent is frequently• obtoped^ For th^ t 

cost of power per kilowatt-hour shouId DW* cost of 

mine than for the average bituminous mme 

producing the is an experienced man in the 

The average mme operator is^ an y not know mU ch 

mining and shipping of < t 0 ^' resu lts occasionally in 

about the production of power lkis res^^ ^ every 100 0 

such cond , ltl °L a t S on S s ^e burned' under the boiler. A condition 
tons mined, 400 irn-nrovcd by tbe use of 

of this kind can frequently be gr^tlj ^ secure the 

central station power wher company who can frequently 

advice of the engineers of th ^fT^ C 0 °“Sly using his power, 
show him a great many ^ay ^ considerable coal 

We have all been ^ bdievetJuat r today who has sp ent 

in Alaska, but I was talking stated that he knew of a 

considerable time m as ^ burn w00 d under the boilers 

biSPuSTe cUa'not get sufficieut coal from the mine to run 

th fhPfigAs“iven by Mr. Crane regarding the quan*J 
anIKSed,pAidecIthee 

“ e SStvfrSS g of 10 ,oVoOO «. per gg "d 

StSoSSrfS’this country, and this would be available 
for other uses^ , the question of hoisting coal 

bSnXSgM thaXndling coal in skips^ would greatly 
SSete breakage. In talking rnth some of the operators 
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who have tried the use of skips, I find that the general impression 
is that there would be less breakage provided the skips are of 
fairly large capacity. It seems to be the experience that the 
coal moving in large masses protects the individual lumps so 
that there is very much less breakage than would be anticipated. 
It is my opinion that in the future we will see more hoisting by 
means of skips which will eliminate the high-speed cycles. 

Mr. Stone mentioned that his method of figuring the r. m. s. 
as given in his paper would not be exactly correct for large motors 
using forced ventilation. The formula will be correct if the 
total rest period is used instead of a fraction of the rest period as 
shown. It has been found that with large low-speed motors, we 
cannot get sufficient ventilation by the ordinary fan blades which 
are placed on the rotating part. A considerable increase in 
capacity can be obtained by means of forced ventilation and it 
is probable that in the future all low-speed motors of large 
capacity will be equipped with forced ventilation. A compara¬ 
tively small amount of power is required for This ventilation, 
considering the large advantage obtained. Forced ventilation 
also permits the customer to put in an air conditioning plant, 
which will allow clean air to be used in ventilating motors, and 
this will in turn cut down the maintenance and lessen the repairs. 

If we calculate the capacity of motor and generator required 
for a large hoist using the Ward-Leonard system of control by 
formula as shown by Mr. Stone, we will find that if the rest 
period is very long and natural ventilation is used, the hoist 
moto^ must have a larger capacity than the generator which 
supplies power to the hoist motor. This is on account of the 
generator operating continuously and getting full ventilation 
during the entire period, while the motor receives only part 
ventilation during a considerable portion of the entire cycle. 

In regard to the shape of the drums, it will be found that a 
great many operators still favor the old plain cylindrical .drum 
which, after all, has some advantages over the conical and 
cylindro-conical drums which are some times called /‘freak” 
shaped drums. ^ The advantage of the cylindro-conical drum is 
shown clearly in the curves submitted, but as stated by Mr. 
Stone these curves are based on certain inertia values given by 
the hoist builders. The straight cylindrical drum is a very 
simple piece of apparatus and its weight and inertia can be 
accurately predetermined. In building such drums as the 
cylindro-conical type, there is considerable risk due to cracking 
caused by shrinkage strains, so that the designer is apt to make 
these drums considerably heavier than necessary. This extra 
weight tends to counteract the good effects obtained by the shape 
of the drum. There is a particular case I have in mind of a 
* furnished in the Middle West which gave considerable 
trouble with the resistance of the controller when operation was 
started. It was found that the peak loads were much heavier 
than had been calculated and it was necessary to furnish heavier 
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resistance to take care of these loads. We then started to locate 
•just what the trouble was and found that the weight of the 
drums was just twice what the hoist manufacturer had said it 
was going to be. For this reason, it is best not to take too low 

lvalue for the inertia of a “freak” shape drum . . 

A second disadvantage of the special drum is that the minimum 
diameter should be the same as the diameter of the cylindrical 
drum that would be used. This means that the, average diameter 
of the special shaped drum is much greater than the cylindrical 
drum, which in turn means that its speed and resolutions per 
minute will be lower. This m turn means a lower speed motor 
which not only costs more, but also has a poorer efficiency and 

power factor than the higher speed motor. ■, •• 

The third disadvantage of the cylindro-comcal drum 
especially true when a short cone is used. The rope rave s up 
the cone in the shape of a spiral and the rope wear mi this spiral 
is much greater than on the cylindrical portions of the drum 
This means that the rope is worn out and ready to scrap when 

a large portion of it is still in very good shape. 

The real advantage which we obtain by the use of a <*hndro- 
conical drum is lower peak loads and a shghtly smaller capacitj 
of equipment, but we do not save much on power “^sumptio 

unless as shown we have a very fast cycle> when g 

retarding rates which require plugging the motor or using up tne 

PO ?rerA l Ts^e cases where the cylindro-co,,ical dram will be 
an ^ advantage° but I do not think that they should be used 
“discrimtafeiy There are many cases where the strarght 

cylindrical drum is really the best drum o o tone savs we 

' The question of friction is one which, as Mr. Sto y > 

could argue on all day, as it is difficult to test; If^tual work 
friction of a hoist is. I think that 25 per centmf the actual work 

done is rather low value for the friction 

a hoist generally runs about 50 per cen . CT p t +i n o- 0 ut and 

arc nutting in twice as much power as we are getting out ana 

taW “5 fer cent of the actual work as friction means that one- 
taiang per eexiu ui # motor is allowed for 

eighth of the power going into th a op; -r^-r oont was 

frfetion of the hoist. However if this value of 25 per 

actually doubled, it would practically makenodifference mt 

capacity of equipment required to meet a certain set o 

tl0 The cycles that Mr. Stone shows for a depth of 500 ft^are 

certainly not suitable for induction mo ois,n usin" the 

want to use them even with a direct-current motor usrn tne 
Ward-Leonard system. The average rope speed is 2740 ft per 
min. which is not a practical operating speed for a depth ot ow 
ft The accelerating and retarding rates are abou ,^ ^ we P s hould 
per sec., and it will be found that for good 
not go much above 5 or 6 ft per sec. per sec In fact,, the^cycl 
although possible, shows that we are getting on dange 
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ground. It means that the operator must be on his toes at all 
times and the slightest trouble in the safety device or error in 
judgment of the operator may bring about disastrous results, 
and while it might be physically possible to operate for a short 
time under such a cycle, with the Ward-Leonard system, it is 
certainly not good practise. Where the output requires any 
such cycle, I agree with Mr. Stone that the only safe method is 
the installation of skips handling a much heavier quantity of 
coal for each trip, which results in a much lower rate of speed 
and a considerable lengthening of the cycle. 

C. W. Parkhurst: Mr. Crane’s paper clearly brings out the 
need for more complete electrification of anthracite mines. I 
notice in the paper, he has given 3.57 kw-hr. per ton mined as 
an average of 50 bituminous mines. 

It has never been my good fortune to be connected with any 
bituminous mine where the coal came out of the ground so 
easily. The lowest power consumption per ton mined that I 
have ever seen, was 4.4 kw-hr. per ton, and the highest well over 
20 and the average around 9 kw-hr. 

I know of a great number of mines where the power used for 
ventilating the mine is over 5 kw-hr. I hastily gathered some 
figures together of three big bituminous mines, averaging about 
300,000 tons per month, and for five years back the kw-hr. 
consumption was as follows: 5.5, 6.6, 7.9, 8.9, and 8.2. 

Except for the last year, there was a continuous increase, and 
that is accounted for by more complete electrification each 
succeeding year, and because of the fact that as the mine was 
getting bigger, ventilation became a more serious problem each 
year, more water had to be pumped and the haulage distance 
was increased. It shows that the kw-hr. per ton is going to 
increase as the mine is developed. 

I know of a big mine, with a consumption of 10.15 kw-hr. per 
ton, of which 5.74 kw-hr. is for ventilation. That mine, when 
first started, had a 15 h. p. motor on the fan, that was changed 
to 30 h. p. to 75 h. p., to 125 h. p., to 300 h. p., and the last change 
was to a 750 h. p. motor, with a 300 h. p. motor in reserve for 
Sunday and night work. The big motor shuts down at night. 

I have some power consumption per ton figures for bituminous 
mines as follows: 

A group of five drift mines, averaging about 51,000 tons per 
month, has a consumption of 6.8 kw-hr. per ton; a shaft mine, 
9.2 kw-hr. per ton; a group of four drift mines averaging about 
14,000 tons per month 9.08 kw-hr per ton; a group of six drift 
mines, mining together about 50,000 tons a month, 8.99 kw-hr. 
per ton. 

F. L. Stone: I will say that this matter is fairly well covered 
in. the paper, where it says : The coal is brought to the surface in 
a number of different ways.. First the loaded car is put on the 
cage and hoisted to the landing while an empty is being lowered. 
At the landing the car is taken off the cage and sent to the breaker 
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or tipple over the surface. The second method is that of using 
a dumping cage, that is to say the loaded car is taken to the 
surface and then the cage tilted and the car door opened and 
contents dumped into a chute, the car never leaving the cage 

The third method is that of dumping the coal directly into a 
skip, the skip holding one or two mine car loads, the car never 
leaving the mine. This method involves an increase m the 
breakage of coal but not necessarily to any great ext ® n t- 
fourth method is somewhat similar to the third except that the 
coal is dumped from the cars into a hopper and then loaded 1 

E jfcheney: In addition to Mr. Stone’s illumination of the 
subject, I think some people may not understand the genera 
system of mine hoisting, which may be explained 1 mean 

Fl There are two drums, on which the ropes are wound, these 
drums being driven by engines or motors. The ropes go fro 



Fig. 1 


the drums to the head sheaves at the top of the shaft an( i the 
down the shaft. At the end of each rope is suspended a cage or 
skip, as the case may be. Nearly all mine hoists are of thi 
double type, ordinarily known as balanced hoists. _ , 

When one skip or cage is at the bottom, the other is at the to^). 
The two balance each other, and the only unbalanced load 
that due to the coal or ore, or whatever lt ls you are hoist- 
ing. As the empty skip, or the cage with the empty car 
o*oes down the loaded one comes up. The difference due 
to the unbalancing of the load is constant, the ^ e ^ 
of the rope becomes a very serious factor in the case 
of a deep mine, so that actually when you go to depths of 
1000 ft. (304.8 m.), or more, the light side, so-called, m . ay J? 

the heavier; in other words, the weight of rope hangiiHeifside 
shaft may exceed the coal or ore you have on the loaded side. 
The curves in Mr. Stone’s paper will be more readily unders oo 
if you have in mind the fact that there are those two systems, one 
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going up and the other going down, and that you have an 
enormous amount of dead-weight, in drums, sheaves, skips, and 
ropes, to start and stop every time, whereas you are actually 
handling a comparatively small amount of live load. 

W. I. Slichter : I would like to ask whether the fundamental 
principles governing the design of the shape of the drum are: 
that for the most economical use of power in accelerating any 
mass, a large force should be applied at the beginning, at stand¬ 
still and at low speeds, and then as the speed increases this force 
should decrease, thereby limiting the power, the product of 
force and speed, to some definite reasonable value. It appears 
to me that the object of giving the drum a particular shape is 
to accomplish what the inherent characteristics of the series 
motor accomplishes in railway work. 

Peter Kain: I would like to know if the figures of kw-hr. per 
gross ton of coal under 4 ‘haulage' ’ include the two types of loco¬ 
motives used. The figure given is 1.73 kw-hr. gross ton charge 
for hauling. Does that include all the power used for hauling, 
both storage battery locomotives and trolly locomotives. 

J. B. Crane: Yes. 

L. H. Rittenhouse: We who are associated with the Fuel 
Administration at Washington recognize and endorse a great 
many of the conclusions which Mr. Crane has presented in his 
paper. In regard to the conservation of coal, that one glaring 
case of 400 tons of coal consumed per thousand tons mined is a 
case which caught our eye early as one that should be remedied. 
The inefficiency might appeal to the electrical engineer more 
forcibly if you transfer it to terms of coal per kilowatt-hour. 
That is, taking 400 tons of coal to mine 1000 tons of coal, would 
be 70 to 75 lb. of coal per kw-hr. That is the equivalent of 
what they were using. 

Another advantage, conservation of men, also appealed to us 
very strongly, when men were the all-important article, are 
today, and will be in the future; the saving in men, or man¬ 
power, appealed to us very strongly. 

There is another saving which the author mentioned in his 
paper, only from the investment point of view, and that is the 
iron and steel conservation. The War Industries Board was 
especially interested in the conservation of every pound of iron 
possible,- and as the iron and steel go much further in the 
central station power plant than in the isolated plant, this was 
an additional argument in favor of the large station. 

The ordinary advantages of the central station apply in the 
coal field, as in any other application of the central station, but, 
of course, there are some peculiar advantages which are brought 
out in the paper, among these being the smaller amount of coal 
used. 

Still another point which the author might properly have 
indicated, and which I wish especially to emphasize, is that the 
central stations are truly a national resource. We, at the Fuel 
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Administration, felt very strongly about it at the time, because 
we realized the stations are really an asset of the country, and 
we felt the lack of these stations when we were looking around 
for them. The speaker was associated with the Production 
Bureau in that section which concerned itself with the continuity 
of electric power for coal production, and when we were getting- 
telegrams every day—“Why don’t we get power for digging 
coal ’’—we looked around for the central stations and found they 
were loaded to the limit, and there was really no way by which 
these coal operators who wanted the additional power could ge 

* j 

1 As I sav, we felt that it would be a national resource to have 
a few mom central stations available, and it appealed to us 
from that angle. There were a few breakdowns, and we looked 
up the question of supplying power, and in the meantime ^e 
took-certain steps to anticipate some of these breakdowns, if 
possible - in other words we started a census of coal mi P 
chasing power from central stations, so that we <couM ant legate 
some of these power demands and avoid the difficulties durm & 
the coming winter, compared with those we had last wm. 
However, we had to drop the census and -assist and cooperat 

with the many cases that were reported to us. ., f 

I will tell you of some of our troubles just to give; an ide 
their range. At one extreme, we simply sent a letter to the 
ud"e of the Circuit Court, asking him to be lenient with a 

central station company in the western part of P 
which was being sued for breaking the law against the emission 
of cinders, and the smoke nuisance and asked ^m to be ement 
and to put the brakes on, as the company was doing all it .could 
to get coal out of the mines. That was comparatively s i m P le- 
On the other extreme, there was a case in Ilhnois w ere \ 
assisted the superintendent of a large plant m operating at 
Sto taS carl operating those tank ,tars every day, -rrymg 
water for condensing purposes to a station 20 miles a way. 1q c 
alongside a stream which happened to go y. J f 

that misfortune curtailed production by tens of thousands ot 

The^noint I am making is that these central stations are really 

to cooperate with them, very forcibly this su “^; p a , nd A^ in t o 
an organization like this cannot^be better employed tha^ 
engage in missionary work of this kind and help 

Sta Se a was g a case in which one central stationi didJ havei extra 

power. The New York Edison Company had ^AdLffiistratffin 
We had our eye on that, and I believe the Fuel- 
of the City of Philadelphia also had its eye upon it. But 
‘‘beat 2 to it” and ffiey started to put cables under the Hudsmr 

River to connect up with the New Yo 1 r ^ dl f s °^Pi‘ fac iUties in 
the Newark situation, there being a lack of power facilities m 

that important manufacturing district. 
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That indicates the great advantage of the resources of these 
stations, and I think this institute should take this matter up in 
a proper way to bring it before the authorities, A number of 
well designed central stations with ample reserve, efficiently 
managed and strategically located provides a national asset in 
times of peace as well as of emergencies, that should not be 
overlooked. We think that the Government should be advised 
of the possibilities of such situations. We were doing our part. 
The natural question arises—Why did not the Government 
help? As Mr. Crane mentioned, they started to do something, 
and they were cooperating in regard to the financial questions 
he raised in his paper, and we were doing as much missionary 
work on Capitol Hill as possible. Of course, very properly, the 
members of Congress were watching out for the interests of the 
Government’s purse strings—that is proper, and their function—, 
but the money was not going to be given away, on the contrary 
it would have been of great assistance, and in passing, I may 
mention that every dollar of it was being taken care of to the 
extent of the ability of the different government departments 
that were connected with the project. 

Supplementing Mr. Crane’s paper, I have a few figures in 
regard to the census of mines purchasing power. After the 
armistice was signed, we took time to add up the returns we 
had received. As far as we could discover, there were 107 
central stations supplying approximately 1000 coal mines with 
electric power. 

In regard to the question of the kw-hrs. per ton, we were 
vitally interested in that, because we wanted to conserve power 
in the mining operations and make it go further than it had in 
the past. Mr. Crane gave a figure in his paper of an average 
which was 3.57 kw-hr. per ton of coal mined, which figure was 
criticized later in the discussion. 

* I picked up some figures we had available from one of these 
central stations, and it is interesting to note that the average I 
obtained was 3.58. The figures I have given are for one station 
supplying 56 mines, and he said his was for a station supplying a 
little over 50. I wonder if both figures related to the same group. 
This particular group to which I refer was located west of the 
Mississippi. 

J. B. Crane: My figures related to a group of mines in West 
Virginia. 

L. H. Rittenhouse: An entirely different set of mines. But 
as was pointed out by a speaker, in the discussion a few moments 
ago, the conditions differ and I think possibly that 3.58 kw-hr. 
per ton islow, in other words, as far as my investigation carried 
me, the limit of the 56 mines ran from a fraction of a kw-hr., 
showing the power was used exclusively for electric lights, up to 
53 kw-hr. per ton, with a foot-note calling attention to the fact 
that this mine had recently shut down. No wonder! These 
figures, however, account for the averages. We found it very 
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difficult to get exact figures, since in many mines connected to 
central station service some of the power used in developing 
coal was not electric. In other words, some operators may still 
retain a few mules, as well as auxiliary steam, and these do not 
figure in the kw-hr. unit. 

I would like to ask Mr. Crane, in connection with mine No. 1 
and Mine No. 3, 3.6 kw-hr. and 5.2 kw-hr., were those figures 
for an anthracite or a bituminous mine. 

J. B. Crane: That was for an anthracite mine, fully electrified. 

C. A. Adams: This is one of those numerous cases where the 
emergency situation produced by the war has forced us to the 
adoption of methods of cooperation which have proved so 

immensely effective and economical. 

I do hope that this institute and the other engineering societies, 
and all other such bodies, will use their best efforts to help the 
nation perpetuate these advantages which have been forced 
upon us by the war during this reconstruction period and 


F. L. Stone: Since scarcity of power seems to be one of the 
limiting features in connection with the electrification of t e 
anthracite field, I would like to ask Mr Crane if everything 
has been done that is possible to secure the advantage of the 
diversity factor that exists between many of the smaller plants 
located in the region. I know that in some instances plants 
have tied together and thereby made available, for the use of 
both, several thousand kilowatts. It would seem to me that a 
great deal could be accomplished along this line _ , . 

' L. S. Randolph: There is one phase of electrical operation 

which it is almost impossible to put m dollars and cents the 

convenience Anyone who has put a 4 m. to 8 m. stea p p 

pipe Into a mine, and then puts a centnfugal pump 

"t^^o 1 to;TcoSugt S the"mo^ and finding a 

fireman 

as a consequence shut the mine down ior 

0l Those S are" factors ^which canM^b^'put in dollars and cents, 

and yet they are tremendously variable. an d. 

t? t on • nrViPTP is one point these papers & 

that is'the tremendous 

IhM youTe abJe m to 6 tell, in the first place what you want to do, 

and afterwards of Iteam-driven hoists, the hoist 

So far as I know, 1 ideas of the man who gets 

is simply designed accordi g en°ine is put on that is big 

up the drum part, and then a and operated, 

enough to drive it, and the hoi P h ^ t have people 

When you come to mstah an electric el( £ trical 

like Mr. Stone, “ d , J? e e °‘ h effect rf weight and inertia, and 
equipment, to calculate the etiecn 01 wc a 
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drum size, and drum shape, and they go back to the hoist makers 
and say:—“See here, if you do so and so, that means a big 
difference in the result.” A steam hoist is operated without 
much attention being paid to economy. It is hard to find out 
whether the inefficiency is in the boiler plant, or in the engine, or 
in the shaft, or somewhere else, and so it is usually not done; 
but in the electrical hoist, a few indicating and recording watt¬ 
meters tell the story all the time. You can look at them and see 
what is going on, and you can do it day after day, checking up 
watthours against tons of coal mined, and you can find out 
whether there is anything wrong and tell which type of installa¬ 
tion is giving the best results. You are working with your eyes 
open all the time, and are not in the dark about anything. 

Graham Bright: A few years ago I used to indicate steam, 
hoists in order to find out just what work was being done, so 
that the proper size of motor could be determined where it was 
desirable to change a steam hoist to electric drive. I soon 
found out that these results were of very little value because in 
every case a square steam card was obtained which showed that 
no cut off whatever was used. In practically all cases the opera¬ 
tor who would open up the throttle wide, used no cut off, and 
when the accelerating period was over, would throw off and 
drift so that at no time during the operation was there any cuf 
off, so that you can see that there would be very little use in 
taking indicator cards from such an operation. 

We can determine much more regarding the electrical equip¬ 
ment necessary if the operator will tell us how much material 
he wants to hoist each trip, how many tons he wants to get out 
in a given time, what his rest periods are and the weights and 
diameters of his drums, cages or skips, cars and size of rope. By 
having this information, we can figure out closely the electrical 
equipment necessary, but the steam engine itself is no guide 
whatever in determining the proper electrical equipment to put 
on a hoist. Regarding the steam engine, it is necessary that 
either side of the engine be capable of lifting the maximum 
weight on account of the fact that one side may be on dead 
center and unable to exert any torque at the start. This means, 
as a rule, that the engine is considerably larger than necessary 
and the result is that the operator uses very high rates of accelera¬ 
tion when a considerably lower rate would be ample to obtain 
the output required. The average operator thinks that he 
requires this high rate of acceleration and also thinks it necessary 
to have high rope speed. At the average mine, a trip of cars 
comes to the bottom of the sbaft and the operator hoists this to 
the surface as rapidly as possible and then takes a rest. In a 
large majority of the cases, by using slower rates of acceleration 
and slower rope speeds, he could get out as much coal as the 
mine could produce except that he would not have so much time 
to loaf. In many cases, if* we were to attempt to exactly dupli¬ 
cate the steam operation of a hoist, it would require an unneces- 
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sarily large and expensive electrical equipment which is not 
justified when a smaller and less expensive equipment would be 
ample to hoist all of the coal that the mine can produce in a day’s 

time. 

If the operator wants to produce a certain amount of coal in 
eight hours, it is not safe to figure out a cycle which will require 
the full eight hours. It is much better to estimate a cycle which 
would take the coal out in from six and one-half to seven hours 
if a mine works an eight hour day, which allows an hour to an 
hour and a half for the usual delays which are bound uo occur. 

It is practically impossible to operate on a given cycle for a 
period of eight hours without delay. There are so many things 
about a mine to cause delays that in order to be safe, this margin 
should be anywhere from one to two hours per day. 

J B. Crane: I would like to bring out a few- points. Mr. 
Bright mentioned the fact that the central station men were a 
little modest in their claims for the advantages of the use 
central station power. That fact was brought home to 
forcibly about three years ago. I had the pleasure ot addressing 
the West Virginia Mining Institute, and they asked me to pre¬ 
pare a paper on “The Use of Central Station Power in Mines 
from the Central Station Standpoint.” The man who was 
asked to prepare a paper to be presented at the same session trom 

the mine user’s standpoint, was a man we had 
nuite some time, to get him to see the advantages of electnc 
Sower! etc., and I remember at one time one. of our men went 
into his office and he asked him who he was with, and he w 
him he was with the power company this man said ohim, 
“Well vou might as well be on your way, no us PI & 
here ”’ Ve naturally expected, when he read the paper we 
would get many knocks, but instead of that, his paper was 
SonglylnSr of the use of central station power, and we 
were most surprised at his change of attitude. hours 

Mr. Parkhurst brought out 

ner ton of coal mined, and his figures for the bituminous cua 
per ton oi cu , t h d gi ven . These figures will vai v w U h 
were ^yei than those i J heard of any bituminous mine 
different districts. i5uu i -mined as those which 

which used as muc ^^^^ e J ures f rom several mines, and they 
he mentions, and I■ secur.e Ju in W est Virginia as indicating 

and the deeper 

the mine becomes, th ? v i s itincr the Maror Velho mine 

Ihadthepl«»« ^»Tn 700o “e‘t, and intended to go 

m Brazil, lney wenu uuw Anno h n to operate the 

another 1000 feet. T^ t wer ] ® L g Qil f g down the additional 1000 

feet! they would require 4000 h. p. additional power for venti a- 
tl0 The conditions which they ^^^hromSffig am d^pen 

to ventilation, etc., would prevent them trom & o B . 
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because the cost of power would run into such large figures that 
it would not pay. 

Mr. Rittenhouse brought out the fact that power stations have 
been greatly overloaded during the period just passed, and, that 
this condition still exists. 

Regarding the diversity factor which Mr. Stone mentioned, 
we have in our territory two power stations in the coal field, one 
good for about 16,000 kilowatts, and another one good for 30,000 
kilowatts, and at a nearby point we have another power station 
good for 20,000 kilowatts, and one small station, or rather 
several small stations, good for 3000 or 4000 kilowatts. 

The peak which we were getting from all these stations was 
55,000 kilowatts. We connected the ones in the coal field with 
the station at Allentown, which is the one I have just referred to 
as being nearby, with a capacity of 20,000 kilowatts, and we have 
been going out and taking power from these three stations, 
amounting to 69,000 kilowatts. 

In burning small size anthracite fuel, we are getting bevond an 
economic boiler rate. With stokers this rate is 175 per cent. 
We have been running them as high as 300 per cent, and averaged 
ioi the month over 200 per cent boiler rating. As a consequence, 
we have had to replace a boiler arch every other day. and have 
all kinds of trouble, but we have been able to carry 5 the load in 
our particular territory. 

The thing which Mr. Stone mentions, and has brought out 
jorcibly is the fact that in the coal fields the peak load is from 
/ o clock m the morning until 4 o’clock in the afternoon, and then 

we about 10,000 kilowatts to dispose of between that time 
and 7 o clock the next morning. 

• are on . 1 y 90 miles from Philadelphia, and they have a peak 
m the evening of something like 20,000 kilowatts above the 
ally load. You can see what that would mean if a transmission 
ime could be run from our central power system to Philadelphia. 

e same equipment which takes care of the coal mines in the 

nfght lme W ° Uld take Care ° f the U £ htin g l°ad in Philadelphia at 

, 1- ^ now of one case in Texas where they connected in several 
stations, and m that case they were able to sell 10,000 kilowatts 
additional by connecting the central stations together and getting 
the, benefit of the diversity factor. 
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AMERICAN ENGINEERING RESEARCH 


BY W. R. WHITNEY 


T PIE purpose of this paper is to call attention to our national 
condition in relation to engineering research, in the hope 
that the desire among engineers to advance the sciences may be 
discussed and crystallized into the most acceptable form. The 
subject must have some sharpness of definition, and so I will 

give the meanings I attach to the title. 

I am using the word research, to cover painstaking investiga- 
tions which add to knowledge. Research alone may be too 
general a term to interest all engineers, so I limit my use of the 
term by the adjective “engineering”, and mean by that, the 
study of matter. Much research may be done in fields not con¬ 
nected with engineering, but I am not referring now to archaeo¬ 
logical, geographical, psychological research, or other similar 
fields where study and experiment also add to human knowledge. 
For the sake of a simple and clear field I am omitting such scien¬ 
ces I use the prefix American, to call attention to one of the 
most burning questions which confronts us today. lAe have 
been so keen in engineering that Amerkx 
passed in the world, bnt we never made a fa.r start ” 
engineering research. Moreover, we have no plan for P r °*t“”6 
research men, though we have plenty of plans for consunung 

^Research is the foundation of engineering, whether it be 
Phy-al, chemical, biological or what nob U some- 

tunes seems as though much d^^“^^ce. If 

the research forms the foundation, then engmeers qmckly add 
the. first story When the investigators showed the \a^ 

th , onrviLtion the Army doctors used it on a million 
typhus vaccination, , . , _ . p) r Keen that of over 

soldiers. General Gorgas re ^ deaths from this disease 
11/ million soldiers, there were only 18 deaths xrom m » 

• ^017 At the Civil War rate there would have been 
deaths. That is .good American engineering 


i f 7nn 
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who is responsible for the research men? How may we procure 
and support them? A part of this responsibility is your own. 

During a certain period of our American history there was a 
Puritan atmosphere in research. It hung like a fog over the 
territory of the Pilgrims, and even now it clouds the issues 
between engineering and research. It meant purity to the 
extent of sterility. It was with interest that I recently read, 
with the above geographical thought in mind, one of Emerson’s 
Essays. He puts our duty in such a clear light that, before 
going into problems of detail, I want to quote him. His use of 
exactly the right word to give clearness to his thought seems 
very wonderful and his words will bear a more careful analysis 
than anything I can say. 

The destiny of organized nature is amelioration and who can tell its 
limits? It is for man to tame the chaos. On every side while he lives, 
to scatter the seeds of science and of song, that climate, corn, animals and 
men may be milder and the germs of love and benefit may be multiplied. 

If we could all learn that by heart, I could well stop my talk 
at this point. 

The experience of the past few months developed in the mind 
of practically every intelligent man a desire to do something to 
advance the country’s interest. This was not confined to 
scientists and engineers, but was marked in those cases. The 
number of scientific and engineering organizations which evinced 
this desirable spirit is too long to read. Our leading societies 
united in committees representing all the sciences, and they in 
turn formed many sub-committees. The National Research 
Council enlisted in one committee or another almost all the 
scientists of the country. The Council of National Defense 
established scores of committees on engineering and allied lines. 
Inventories of everything conceivable were taken, including 
most of the material and personnel of our colleges and engineering 
schools. 

Now there is one defect in this system of rapid utilization of 
our resources. It does not produce any new material, thousrh 
it may organize the old.- We needed org aniz ed engineering 
research long before the war. We needed it more during the 
war, and we shall certainly need it after the war. It is the duty 
of engineers to study this matter and take active steps to correct 
it. The problem is: how shall we insure the preparation of 
plenty of American men of science by some system which makes 
us independent of foreign assistance? My belief is that it can 
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well be done in our existing colleges by greater attention to new 
material truth. Experimental work m the sciences best pre¬ 
pares and preserves those desirable qualities m teachers: mteres 
and enthusiasm. Any plan which would insure properly sup¬ 
ported investigators whose vocation was experiment and whose 
avocation was teaching, where students could work with them, 
would be a most natural development. It is a way already 
thoroughly tested abroad and would be a step of the greate 

value to this country. , « * 

It is unfortunate that we have no generally acceptable pla 

for insuring our scientific work and our engineering researc . 
There has been little better than chaos on this subject thus far 
in America: No one’s life work was research, though to a few 
it was a by-product. Within the past few years, and m a few 
lines in certain universities, investigations into the laws or prop- 
e“ti of matter have been under way. This has been poor y 
appreciated. The exceptions are thosesuccesses whiched 
rapid physical amelioration, as of death or pain (naturally the 
first places for such appreciation). The value of research on 
S)k worm is readily understood. Heredity-studies m corn or 
cattle are recognized as worth while, but there arer mmry re- 
searches undertaken whose value is not so appar 
lace, and yet whose ultimate potency is ™ 

summation But for us at present, while the product of resea 

is desirable, the preparation of the men is of greater . 

im Befause e our condition has been described• ^ 

suggested, is no reason why attention should not be called to ^ 

again. Something should be done. Impor d 

rtpmncracv call for repeated attempts to inform the interested 

people Perhaps scores of addresses on general pre ^ a ^ 
delivered before the war were wasted, but it was safer to assume 

that the reiteration wa.s necessary. , interested 

It is owing to our Yankee inventiveness that I am 

in seeing much greater attention given to the problems 
m seeing mucn g inclined t0 be so elated by our 

engineering research w imagine that there is 

=ri -«?Sb 

SinSa — “ choking one 
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may be greatly ameliorated by careful planning of engineering 
and research education in America. This planning falls as a 
duty on the engineers themselves. 

There is a general opinion that discovery of truth is very 
prevalent here, and that somewhere in our national archives 
there lie buried a lot of wonderful but undeveloped possibilities. 
You have probably received notices from different groups of 
people who want to bring to light and life some such desirable 
inventions. As a matter of fact, there are probably very few 
such things in existence. One reason is that there is actually 
more capital to develop new ideas and more capitalists who see 
possibilities which do not exist, than are justified by works. In 
fact, while we lack training and knowledge as inventors, we 
more sorely lack men who are sufficiently expert to pass with 
certainty on suggestions of abnormal minds. The reason the 
steam engine and the submarine were not earlier recognized was 
due to the scarcity of men who knew science. When we had one 
Langley on aeronautics we needed 100. Paucity of knowledge 
is our present trouble, not superabundance of inventions. The 
point in this illustration is that we badly need more highly 
trained quantitative men of science. Our National planning for 
research, except for research in agriculture (which planning, 
strange to say, was done during the Civil War), has been entirely 
neglected. Agriculture is not our only interest, but even in 
that field, the future lies in the hands of the young research 
chemists and engineers who should do the work on potash and 
fixed nitrogen. 

It is on this point of the special need for planning that I want 
to lay stress. Ways to-accomplish the end have been tested and 
proved. Particularly during the past century there have 
appeared in other countries men who devoted their entire time 
to study in fields of new knowledge which by contact had 
attracted them. We might possibly have called them specialists, 
high brows, hobbyists, or men of large interrogation. - They 
were very valuable. 

These men were found in many walks of life, , but by far the 
greater part of them were, or soon became, attached to foreign 
universities. They gave fully of their products to one another 
and took extreme and careful steps to give to the world accurate 
and detailed reports of their researches. Davy and Faraday 
were of this type, Liebig and Wohler were like them, and it is 
safe to say that such benefactors of the race could be cited by 
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the hundred. In most cases their entire lives were spent in 
their laboratories and all that they learned was freely published. 
Still more important; in the laboratories of these men, particu¬ 
larly promising students were allowed to work, and these teachers 
illustrated for them scientific research by example. They did 
not confine their teaching to talks about the work of others. 
The men referred to, and others, such as Helmholtz, Kelvin, 
Berthelot, and more recent prototypes, such as Ramsay, Moissan, 
and Haber, were alike in these respects. We have produced 
altogether too few of them in America, and supported none. 
They became unusual men, but they started much like others. 
They were developed by a system or plan. As they developed 
in interest, in knowledge of new things, and grew abnormal in 
this respect, the opportunity for further development was pro¬ 
vided, usually by the state. There is no reason to assume that 
the product they represent cannot be grown on American soil. 
They were the result of a policy almost identical in all cases. 
Each was freed by some planned system to evolve himself and 
follow his studies along the lines he chose, and he was given the 
assistance of students who were at the same timejeaming the 
value and rare power of careful thought and painstaking in\ esti- 
gation. They, created atmospheres of scientific pioneering. 
The teacher was the leader. He was exploring. His interest 
was transferred to others by that most direct way close contact. 
The lines of scientific endeavor were not chosen by some remote 
director, or committee of experiment, but the subject itself led 
the investigator along, and new truth was the sole aim. The 
professor then became the leader in the university, because he 
was following a new line of action and not because, at the request 
of a faculty committee, he was perhaps trying to solve some 
particular indigenous problem, or reducing the ^ cost ot some 
existing factory product. He was being led by Nature, instead 
of trying, as the industrial laboratories so often do, to force 
Nature along lines which we think most desirable. - 

Someone has suggested that possibly our industrial research 
laboratories could supply the country’s deficiency m scientific 
research and its teaching. Many industrial laboratories have 
been established recently, but, to my mind there does not seem 
the slightest possibility of tlms meeting the real Med j of the 
country. It is neither natural, nor des.rable, and most rece 
writers on the subject have been clear <on tins pent. Th 
interesting papers by Colonel Carty, Dr. Jewett, and Mr. 
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Skinner, in the Transactions of the A. I. E. E., are in good 
accord on this point. 

It may be asked, do you consider it a good plan to arrange our 
colleges so that every teacher.with a hobby may develop it by 
the aid of the students? If all our teachers had enjoyed good 
training in science and were good scientific investigators, the 
answer would certainly be “yes”, but this is not always the case. 
Therefore we must lend.our aid in helping to establish a condition 
which will insure a greater number of scientific teachers who are 
also trained as productive scientists. This is in reality the 
method employed in those countries where scientific education 
has been most advanced. 

In other words, our great American engineering problem today 
is not, how shall we make use of our trained investigators? 
Shall we organize a few large centers of research and solve there 
the industrial problems of the country, or, shall we encourage 
and assist the industries to give more attention to research 
work? But it is rather: how may we produce annually active 
young students of matter at a greater rate but of higher quality 
than any other country? We must think in terms of thousands 
per year of the type of trained men represented, say by the 
doctor’s degree, or by two or more years of individual experi¬ 
mental work. 

The direct object of this paper is not to ask for the appoint¬ 
ment of some committee to cooperate in planning American 
engineering training and knowledge. We do not need more 
committees for this work, but more constructive activity on a 
dozen existing committees. In other words, enough machinery 
already exists to do the work, and we need but a clear view of 
the necessary steps. Probably no one person has completed a 
perfect plan, but many have advanced suggestions, all of which 
seem to have failed to meet sufficient acceptance to move the 
wheels. My own ideas are not presented as new and original. 
They are plans of others, but they seem most natural and desir¬ 
able because they accept higher education as our common right. 
They seem democratic. 

Several years ago the American Association for the Advance¬ 
ment of Science appointed a Committee of One Hundred to 
bring about cooperation between universities and industries 
along the line of improving our work in science, its growth, and 
its use. Other organizations undertook similar studies, but at 
that time most of the effort was expended in arranging for the 
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use of, rather than for the production of facts, or of useful men. 

It was a shortsighted plan, helpful but not broad enough. In 
several colleges, research fellowships have been established, but 
these were generally for the solution of definite manufacturing 
problems where private interests seemed justified in paying for 
the work. This was done because scientific research which was 
aimed solely towards new physical truth could not be thus sup¬ 
ported. Such methods are doubtless useful, but their aim is 
low They advance single industries but are not intended to 
establish and make known new truths. Such organizations will 
only rarely become research centers where new leads m science 
wili be persistently followed by groups of intensely interested 
investigators. There is greater value and attraction m disclo¬ 
sure of new physical phenomena than in any probable financia 
returns, and the atmosphere in a laboratory of scientific research 
is a thing by itself. But it cannot evolve of itself, and it is for 
practical beneficiaries, such as engineers and the public, to find 

j 4 

Central bureaus of science and research have been repeatedly 
advocated and many are still being planned. The plans vary 
from separate departmental government laboratories like those 
of the Department of Agriculture, the Bureau of Mines, and the 
Bureau of Standards, to those of sepaVate groups of col eges, 
groups of industries, societies, and finally, groups of men. One 
such is the most recent plan of the National Institute of Inven¬ 
tors None of these is probably perfect. Most of them woul 
consume (possibly ossify), but not produce men. Perhaps all 
of them should be studied by engineers and some of them 
developed, but if many -were carried out, it -would immediate y 
become evident that our crying need is for general college 

research work to prepare trained investigators. 

A few years ago a bill was prepared for Congress which had 
for its object the establishment of engineering research work m 
the federally assisted colleges of the country, and this called tor 
additional federal support. One of the criticisms of the plan 
was that it did not include all colleges. It had been thought 
that the precedent having been established in 1862 of giving 
governmental aid to these institutions for their research and 
teaching work in agriculture, it might not be difficult to extend 
this line of activity to, other scientific research work. One ol 
the reasons this bill was not sufficiently supported was that a 
large number of struggling state universities and other colleges 
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objected to the distinction which would be made. This finally 
led to other proposals being drafted, and one, known as the 
Smith-Howard Bill, seems to be the most satisfactory suggestion 
yet made. Others are also appearing. It is not my intention 
to go into the details of this bill here. But its existence and its 
fundamental concept deserves your careful attention and your 
active interest. It called for funds for research in the colleges; 
$30,000. for a college in each state. Fifteen minutes of our 
present year’s war cost would care for that plan a whole year. 
The plan seems a good experiment, but needs support. This 
line of thought raises the question whether our democracy should 
pay for its education and its standing in science and engineering, 
or whether it should be left to accidental philanthropy, to the 
begging ability of college presidents, or be neglected altogether. 

President Shurman, of Cornell, said a few months ago: 

Germany has the advantage over all her opponents, especially Great 
Britain and the United States, in the solid fabric she has constructed during 
the last generation by means of generous government encouragement of, 
and appreciation for, scientific research and instruction. Our Govern- 
ment toda}r, instructed by the war, is ready to spend billions of dollars 
for new scientific truths in which, prior to the war, it felt-no concern and 
for which it would make no provisions. 

This same thought has been expressed by others in many ways. 
The facts are pretty well known, but are still not entirely 
digested. We are such creatures of habit that we may never 
awaken to the fact that we are a slow but sanguine people. Slow, 
because our rate of advance as measured over the last century 
is less than Japan’s; sanguine, because we hope for the best 
without being willing to provide for it. 

If you consult the university' president or engineering edu¬ 
cator who is well acquainted with higher education in America 
and ask him why we have been so backward in the highest class 
of scientific teaching, he will generally reply, “lack of money”. 
We are forced to train so many men to reach a certain stage of 
preparedness for standard vocations that we cannot afford to 
encourage advanced work nor can, we obtain teachers who are 
primarily workers in their science. Our conditions in America 
are still in that stage of teaching where our energies must be 
exclusively used to repeat to students annually certain knowledge 
already acquired, but we cannot provide for acquirement of new 
knowledge nor for the training of men to obtain it. As far as 
our collective powers and plans go, the sciences would remain 
stationary. ■ ’ ' • 



1918] 


WHITNEY: ENGINEERING RESEARCH 


1717 


Apparently persons of highest intelligence believe that while 
our schools should be supported by taxation, this should apply 
only up to a certain grade. Above that grade we should beg 
private interests for our advance in knowledge and for our most 
highly trained men, for our studies of disease and our search for 
cures. This fact accounts for the difficulty of the college presi¬ 
dent. It is merely a bad habit. Certainly no one really 
approves of it. Everyone who thinks carefully can find plenty 
of fault with it, but the engineering of a better plan is left 
undone. That is an engineer’s job. In the past few decades 
intelligent men of wealth have fortunately recognized some of 
the needs of higher education in our country where our pioneer 
activities have not developed any satisfactory system. By 
this means, great good has certainly been accomplished, but the 
philanthropic method can scarcely be a strengthening one. It 
cannot lead to proper appreciation of the value of the advance¬ 
ment of knowledge by the people. 

One of our greatest dangers is that, knowing how Germany 
arranged her higher education, quickly advanced and reaped 
those returns which were so harmful to us, we may spurn the 
adoption of some similar scheme because of the degraded utility 
she finally made of it. 

What do we want? We want our democracy to do as well in 
science as German autocracy did, until we leam to do better. 

I do not care to compare the scientific work of different coun¬ 
tries, but I want to call attention to the peculiar way science 
was treated in Germany for the half century preceding the war.. 
I want to show that some of her ablest men were life-long 
workers in and teachers of science; that they were leaders in 
their civil groups, that they were appreciated by the country and 
given the widest support and honor. We have too little to com¬ 
pare with it, and we collectively, or our Government, are not 
making sufficient effort to support new scientific work. 

Let me once more warn you against the fear that matena 
truth and experimental knowledge are a menace. Only m o en 
people think this, but it is frequently expressed. Professor 
Richards, of Harvard, says on this point (1916). 


Science has recently been blamed by superficial 
at fault if her great potentialities are distorted to serve . = 

Is not this calamity (war) due rather to the fact that the spmua e igm 
enment of humanity has not kept pace with the progress of-wnce ? The 
Study of nature can lead an upright and humane cmhzatmn ever Mgher 
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and higher to greater health and comfort and a sounder philosophy, but 
that same study can teach the ruthless and selfish how to destroy more 
efficiently than to create. 

There are many European cities which owe their reputations 
to their scientific work. Most of them are university towns. 
Their renown is not based on the' nine, nor on the eleven, nor on 
the local glee club. Freiburg, Bonn, Heidelberg, Jena, Char- 
lottenburg, Leipzig, Halle, Karlsruhe, Gottingen, are such 
places. They recall scientific accomplishments. Some of our 
corresponding towns are Columbus, Ithaca, New Haven, Urbana, 
Madison, Princeton, Lawrence, Pittsburg, Burlington, Ames, and 
Lincoln. Does each remind you of scientific work? We are not 
yet doing our duty by them. Can we not help the scientific 
work in such towns? 

Good scientists grow in all countries, but the support which 
investigators received in Germany is a point I want to emphasize. 
To the average physicist, chemist, or biologist, most of the 
following teachers recall fundamental advances in the sciences. 
I refer to men like Pettenkeffer, Liebig, Wohler, Voit, Ludwig, 
Kuhne, Hoppe-Seyler, Weber, Helmholtz, du Bois Reymond, 
Fechner, Engelmann, Pfluger, Hertwig, Leuckart, Ehrlich, Vir¬ 
chow, Hering, Emil Fisher, Buchner, Pfeifer, Weissman, Koch, 
Quincke, Hofmeister, Pringsheim, Boveri, Richter, Kekule, 
Wislicenus, Kolbe, Hofman, Bunsen, Victor, Lothar and J. R. 
Meyer, Bayer, Clausius, Ostwald, Kolrausch, Planck, Nernst, 
Hertz, Boltzmann, Roentgen, Wien, and Haber. 

Are we to suppose that America could not do as well? In my 
opinion, we should try the method already tested, and modify 
it from time to time as we see indicative developments. 

The German universities operate under charters granted b} r 
the Government, which supports them. The faculty practically 
manages the institution, though the Government is represented 
by the curator, who manages the finances. The full professors 
regulate the internal affairs by their votes, and they elect their 
various officers, the rector, deans, etc. 

On the other hand, we in America ask certain unprepared 
civilians to serve as our college trustees. They soon find that 
the condition of finances calls for help, and, together with the 
president, they must solve the almost insoluble problem of the 
year’s budget. There is little chance for new work. Prac¬ 
tically every college has all it can possibly do to meet the demands 
of large classes of undergraduate students, and the trustees, 
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despite their sympathy with scientific developments, cannot 
possibly care for demands which are less dominant. We have 
about 500 universities or colleges in this country. Many of 
them are equipped with everything necessary for good scientific 
work except the encouragement. Many laboratories are better 
equipped than those abroad. Would it not be worth while to 
arrange for the modest addition to our educational expenses 
which a fair trial of American university research would entail; 1 

The Students’ Army Training Corps has recently thrown all our 
colleges into an unsatisfactory and an unstable condition. Had 
that work continued, it is possible that permanent improi ements 
in education would have resulted. It was too radical to con¬ 
tinue, and the pressing need has disappeared, but we have all 
seen the possibilities of quickly effecting such changes, and \\e 
ought'now to work and hope for some justifiable improvements. 
Is it good engineering to force the presumed leaders of our 
highest education to spend their best energies in perpetual 
scrambles for funds, instead of directing education? Probably 
no one thinks so, but everyone waits for the change to be forced 


by someone else. . . , , 

The recent report on Engineering Education, published 

through the Carnegie Foundation, to which we are greatly 

indebted, leaves me with the thought that the past aim o our 

engineering education was to teach carefully selected men o 

merely repeat certain standard processes and thereby earn a 

livelihood. This is not enough. Watch good, 

engineers at work and see them plan. Is their work 

of old steps they were taught? It is nearer right v 

they were always trying experiments. We rea aiy ° 

newest and largest building, the most novel or the long 

bridge, new types of tunnels or subways 

new armor plates, lighter aem 

lAonmntivpq Armco iron, lantiron, umnun, x > 

etc., etc. There is certainly no limit to this line. 

would not teach fixity, but right Change, and do it by p pt 

and example. I would increase for the engineer, d g 

u n-o ,, M « the facility with which he could begin to learn t 
college years the i y . and that by contact with 

elasticity and nobility oi nis s? 

men interested in experiment advanced scientific 

What will be done to continue moremen m ^ ^ ^ ^ & 

lines in college? Can you oossible training on the 

good plan to arrange for the highest possible tram * 
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part of a selected few? Is it not the duty of organized engineers 
and scientists to take part in activities which influence legislation 
and to make our country the foremost for new finds in nature 
and in the development of men? Engineers will then be co¬ 
products with investigators. 

I would be better satisfied with this suggestion if I did not 
know that very few realize how much the strength of a whole 
people depends on its scientific novelties. The facts are fre¬ 
quently something like this: some searcher for new truth in 
natural phenomena uncovers a fact. He gets a few dollars or a 
little mental satisfaction out of it. A few industries then base 
the work and the living of many people upon it, and its value, 
there, may be expressed in, say, many thousands of dollars. 
But it is not so readily seen that the people at large get most of 
the return and are therefore most highly interested in the ad¬ 
vance. Their earnings'in such cases are in millions and their 
advantages incalculable. The telegraph and telephone, the gas 
engine, the aeroplane, wireless, artificial lights, and all engineer¬ 
ing improvements have this in common. The ratios may be 1 
to 1000 to 1,000,000 for the three-groups, but the largest group 
does least planning. It is not organized for it. Engineering 
societies might do this. 

Large central laboratories of research recently suggested for 
industrial chemistry are worth good trial, and are being tried in 
England,, but to be most effective they would have to follow 
somewhat the lines of other smaller laboratories. .We 'have 
knowledge in such cases which may be of value. Several now 
exist in which scores of experimenters are employed. A group 
of one hundred working on miscellaneous research would prob¬ 
ably represent between one-half and one million dollars a year 
outlay. The return would be problematical and cannot be 
estimated, but would seem very promising in various lines of 
federal interest. One result is, however, certain. Manned at 
once with any hundred investigators now available, it would be 
very much less useful than if manned with well trained research 
men, of whom we have too few. -Our already extensive use of 
trained men such as electricians, chemists, and physicists is 
exceeding the supply. v \ 

That the young men of our colleges and engineering schools 
early quit school and went into war work is not a cause for com¬ 
plaint. That in itself was a splendid thing and accomplished 
wonders. Over a thousand young chemists have done the work 



1918] WHITNEY: ENGINEERING RESEARCH 1721 

of our gas mask development, our poisonous gases, our smoke 
screens, our new explosives, etc., and the physicists went into 
the wireless, the submarine defense work, and similar problems 
in large numbers and with marked success. They have done 
things which older men would not have undertaken. Therefore 
this is rather a complaint that we had so few young engineers, 
and is a petition that in the future the supply be insured and the 

energies directed to peace time needs. 

I do not see any possible way of insuring our future commercial 
and engineering supremacy that can compare with utilizing our 
colleges more perfectly. "When barbarous war methods are 
forever stopped, science and engineering should be the main 
factors recognized by the League of Nations as the legitimate 
ground for a nation’s supremacy. How can we better insure 
our position than by taking care of that amelioration which 
tames the chaos for all the people? 
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RESEARCH IN AMERICA AFTER THE WAR 


BY R. A. MILLIKAN 


TT takes no statement from the chairman n J r a J" ls to 

1 myself, to apprise most of you of the fact that l g 
the genus “Damn professor,” as we are affectionately called 

W It Sl w Merest you, however, and perhaps be a little^ 

ing too, to know how nearly we professors have to come to. actan 

like real soldiers once in a while when we get on suitable cl • ^ 

About four weeks ago I chanced to go from Waterbu y C . 

to New Haven, on a trolley, starting about half past eleven 

nVWk at nisht At a small station between the two towns, 

0 clock at mgn . 1 f we ii-filled soldiers. They 

there boarded the trolley a couple 01 wen nueu 

took seats on opposite sides ot the car and began ‘ 

loudly. The conductor was quite unable to cop _ 

situation- finally the men arose and began hammering 

“ak forth across the car The 

in an unroar when someone called “Here’s an officer, let him 

Sind to So with the aid of a couple of pnvates I had 

to take Dart in getting these men into their seats, a task whi 

weeded in' accomplishing, thanks to fte 

by my uniform, and a certain muscular effici y , ^ 

vates showed. We later succeeded in getting the drunks ofl 

^Another incident, which has elements almost ^ heroic, 

occurred one night last summer when I for 

Washington to New York. I stopped off m ^ 
no ulterior or interior reasons, aithoughitmightha 1 
as if I had such motives from the 

at Baltimore and had to sit down m the sta Mef 

another train. In order to utilize my time, I to ^ 

case and began writing , b 

rhad°tTm” r to P recover it, an elderly lady, about sixty years 
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old, rushed from her seat and brought it back to me saying, 
“Oh, let me do something for a soldier.” 

To experiences like these should be added the sweet delight 
which a soldier hero feels as he passes through Indiana and 
Illinois (as I did yesterday) of not only being permitted, but 
of actually being forced to take from fair young hands reached 
up to the windows of the train, sandwiches made of thin slices 
of bread and thick slices of chicken, with a dill pickle added, 
all free to the man in uniform. 

But the tragedies and the comedies of the war are ended. 
To use the memorable words of the official announcement 
of the British War Office—words so brief, so modest, so tact¬ 
ful that they contrast strangely with the vulgar boastings of 
both our press and our statesmen. “In the fifty-second month 
of a war without precedent in history, the French Army, aided 
by the Allies, has achieved the defeat of the enemy," And 
with the ending of the war all of our war activities either 
have ceased already or will soon do so. 

But there are things that the war has done which should 
not, which fortunately will not, cease. Men like Dr. Whitney 
and like myself have been pulled out of the ruts in which our 
lives had been running and have been thrown into completely 
new surroundings; men from England have come to this country 
to teach our young soldiers, and to participate in our war 
researches; millions of our own men have gone to France and 
Italy, and to England, so that, if ever there was a time in the 
history of the world, when men were in a position to begin to 
see things as the other fellow sees them, to get a little larger 
outlook than they normally have, that time is surely the present. 
The country is just now in a state of fluidity, and before the 
crystallization process has set in great things may be accom¬ 
plished. Movements which the inertia of mankind make 
it normally impossible to bring to fruition in any reasonable 
time, can now be put across with relative ease; for we are all 
seeing how things look from some other angle than that from 
which we have been in the habit of looking at them. So 
that the next few months, so it seems to me, are going to be 
pregnant months for the history of the United States and of the 
world. 

I wish, then, to call attention to a few of the lessons which 
from my point of view, the war has taught, and I trust I shall 
be able to do something more than to make a mere academic 
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recital of them, for I hope that I may bring something before 

vou which will inspire to action. . ..-it 

In the research activities in the aid of the war m ^ ic 
have been associated, one thing has stood out exceedi 8 17 
strikingly; namely, that the distinctions between the ma 
whom you commonly call the pure scientist and the man whom 
you call the applied scientist have absolute^ di^ppeared^ 

In every one of the eighty or ninety researches with which 
I have had connection there have been associated physicists 
from the colleges, engineers from the General Electric Company, 
the Westinghouse Electric and Manufacturing Company, 
the Western Electric Company, and other companies, and 
they have all worked as one, and you could no more make one 
of these men say, “This problem belongs to Ph^sts ^ 
“This belongs to engineers,” than you could ^y that a man s 
head belongs to one being and his bo y o ano • 
and applied scientists have functioned as one single ° r ? ' 

they have never done before, ana I hope very much tha 
may be able to do something right now to keep bridged the 
chasm between the academic group and the mdustrial group^ 
This chasm is unquestionably a detriment to bothi groups and 
an effective bar to progress-a bar which Germany had removed 
in some fields, at least, much better than we have If the pr - 
cess of forming societies has already gone so ar i , 

that for the purposes of organization and elassific 
are to be looked upon always as necessary evils the Phys 
Society and the Engineering Societies must continue to exist 
idSnot units, at any rate I certainly feel, that -t» P*W. 
to bring about such an interlocking of committees within these 
societies that the two organizations may act m many respects 
as one, and I hope that this possibility will soon become a 

re you noticed in Dr. Whitney’s address that engineering re¬ 
search was defined as “anything which had to do with matter. 
That is fairly broad, isn’t it, and it wipes out completely all 
of these distinctions about which I have been speaking. I am 
quite willing to accept his definition, and I would not object 
to being called an engineer if that is what it means to b - 
As a matter of fact, I presume I should have had more satis¬ 
faction in my war work if I could have been called an engmee 
instead of a “damn scientist.” You certainly cannot draw 
any distinction between scientists and engineers on the basis 
of the utilities of their work, and you all know that you canno . 
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I know of hardly an investigation in so-called pure science which 
has not sooner or later found its utility, nor do I know of any 
so-called pure scientist whose motives are not utilitarian, in 
the sense that he believes that he is doing something which 
will sooner or later contribute to human good. But what I 
am aiming at is after all not mere words. A change of name 
alone is of no importance. What I want is rather an actual 
fusion of groups of men who are now further apart than they 
ought to be. 

My second lesson is one of even greater importance. If 
there is anything which has been demonstrated by the exper¬ 
iences not only of America, but of all other countries in this 
war, it is that one cannot safely depend upon the so-called 
undirected inventive genius of a people to obtain large results. 
Advances have been made in this war almost exclusively by 
one method, namely that of bringing together groups of well 
trained thoroughly competent men and setting them upon the 
problems needing solution. In other words large and rapid 
progress has been made in this war and in my judgment it 
can in general be made only by adopting the strictly research 
method of approach. In this war every one of the major 
belligerent countries has had its Board of Inventions, and it 
has been the uniform experience in all of them, in Italy, France, 
England, and the United States, that not one suggestion in 
ten thousand which is of any value comes in through these 
bodies. Further, the chance is about 100 to 1 that the good 
suggestion which does occasionally come in this way has al¬ 
ready been thought of, and worked upon, by the groups of 
trained men who have been giving their attention and skill 
exclusively to these research matters. 

But how much in the past have we used this method? 
How much have we done in this country during the last hundred 
years in organizing such research groups? Dr. Remsen told me 
the other day that in 1872, when he was first called to Johns 
Hopkins, there was not a place in the United States where 
there was any research atmosphere or where any serious re¬ 
search work was being done. Perhaps some one may wish to 
raise a question as to the literal accuracy of that statement, 
but on the whole it gives a correct picture of the research de¬ 
velopment and the research interest in this country at the 
time of which Dr. Remsen spoke. I would not cast any 
dimness over the luster of names like those of Franklin and 
Henry and men of that type whom this country had produced 
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before that time, but, after all, these were individual geniuses. 
They were not the leaders of research groups and yet they ac¬ 
complished wonderful things. But we have passed from the 
stage of the world’s development in which we could depend 
solely on individual geniuses for advancing the wheels of 
progress. If these wheels are to move forward rapidly we must 
do in peace exactly as we have done in this war, namely, call 
together groups of research men in our industries, in our edu¬ 
cational institutions—I do not care where—give them the prob¬ 
lems, and let them push them forward. In this way these 
wheels will move forward ten times as rapidly, yes, a hundred 
times as rapidly, as will be the case if we depend upon the 
exceptional inventive genius of the country, however valuable 
that may have been to us in the past. 

These are the two lessons which I would draw from the war. 

Let me next ask you to consider how we may profit by them, 
and perhaps the path which we ought to take may be made 
more clear if we analyze ourselves somewhat objectively, and 
try to look, for the time being at least, not at our virtues but 
at our weaknesses, however disagreeable such introspection 
may be. Let me begin by asserting that in spite of our boasted 
inventiveness, we are as yet, from the scientific standpoint, 
a second rate people, whether we look at our accomplishments 
in war or in peace. I am certainly well within the bounds of 
the truth when I say that the contributions of the United 
States to this war in research and development lines have 
. been less, far less, than is proportionate to our resources and 
our population. I think Dr. Whitney will agree that that is 
not an overstatement, and he knows fairly well what we have 
been doing, for he has been associated with much of it. Eng¬ 
land and France have both done far, far more effective war 
research than we have done. True, they have had more time, 
but they have not had either the men or the facilities which 
we have had. With almost every available man in France 
at the front, with most of her manufacturing facilities in the 
hands of the enemy, is it not an extraordinary tribute to the 
French scientific mind that the two most Hovel and most 
promising weapons which we had at the close of the war for 
combating the submarine came out of France. We have done 
some creditable work in this country on submarine detection, 
but in comparison with the number of men engaged on the 
work and the facilities at command, both France and England 
did vastly more than we. The other day an officer who had 
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had exceptional opportunity to appraise our contribution to 
the war was in my office and I was bewailing the fact that a 
particular device which we had been developing had not been 
completed in time to be of actual use on the front. But said 
I—“I do not know that I ought to complain, because I pre¬ 
sume that it is in the same boat with approximately 96 per 
cent, of all American effort.” Said he—"I think you over¬ 
estimate the amount that got across.” 

Now that is an impression which one does not gain from the 
newspapers. I would not unduly belittle the American effort, 
but I would like to do something to combat the lethal poison 
which is being introduced into the American system by the 
vain-glorious boasting in which our newspapers and politicians 
are indulging. We did indeed cast the deciding vote. It is 
true that save for us the Kaiser might not perhaps have been 
so easily persuaded to call out “Don't shoot Boss, I'll come 
down,” but let us at least remember that 20 Frenchmen gave 
up their lives for every American boy who died, that more 
than ten Englishmen “died for France” to one American. 
These figures show the real pressure of our contribution, and 
let us not forget them. 

Again I state that whether one measures our position by our 
contributions to the war, or, what is more to the point to-night, 
by our accomplishments in science in times of peace, I think 
that every American who is perfectly honest with himself 
will admit that we have no claim as yet to being anything more 
than a second rate people. Second rate whether you take as 
the criterion of first rate-ness either the number of men of 
outstanding ability and reputation which we possess, or the 
total output of the country in proportion to our population, 
or the general appreciation and respect in which science is 
held in the community at large. Look at the first criterion; 
who would for a moment claim that we can show a list of names 
comparable with these? Faraday, Maxwell, Kelvin, Stokes, 
Rayleigh, Thomson, Larmor, Schuster, Rutherford, Jeans. Or 
going to the field*of chemistry, in which we have done as well 
perhaps as in any science, who would undertake to present 
such a list of illustrious American names as that which Dr. 
Whitney has just presented for Germany? 

When we look at the second criterion and reflect that we 
have 100,000,000 population against England's 45,000,000 and 
Holland's 4,000,000, no man who is at all familiar with our 
relative outputs would claim for a moment our equality with 
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either of them. It will be generally admitted that as measured 
by this criterion we cannot think of claiming to be in the first 
rank. Such a statement may not be palatable to our pride, 
but it is true in spite of the fact that you see so much in our 
newspapers and elsewhere which might lead you to think 
otherwise. Here is something fairly typical. There is a 
tablet erected in Dayton, Ohio, which gives a list of twenty of 
the world’s greatest inventions, and attributes thirteen of 
them to the United States, just one to England, the locomotive, 
one to Scotland, the steam engine, two to Germany, the 
Fahrenheit thermometer and the X-Ray, only one to France, 
the daguerreotype, but two to Italy, the pendulum clock and 
wireless, and two to Dayton, the cash register and the airplane. 
Such claims need no comment. Unfortunately they are more 
or less typical. I wish they were not typical, and perhaps 
we may do something to make them less so. 

As for the third criterion, the public appreciation of science 
in any country may be gaged first by the general respect and 
honor in which the calling of the scientist is held, and second 
by the character of the general scientific journals which that 
country supports. Now it is a matter of common knowledge 
that in all European countries the scientist is held in greater 
respect than in this country, and as for journals, let me just 
mention the names of three English publications in different 
fields and see what kind of comparisons they bring up in your 
minds. The Philosophical Magazine, The London Electrician 
and Nature. Have we journals which are of a full equality with 
any of these? 

I am presenting these unpleasant truths not because I think 
our situation is hopeless, but just exactly because I think these 
conditions are remediable, and because I think that you and I 
can assist in changing them. I say them because I believe in 
all my heart in the effectiveness in the long run of our American 
democracy. I say them because I believe with all my heart 
that when you once get the public opinion of the United States 
aroused it wall set about changing bad conditions and will do 
it rapidly. You and I have already seen it doing certain things 
which a few years ago nobody believed a democracy could do. 
We have seen it handling the liquor problem for example in a 
better way, as it seems to me, than that in which it is being 
handled in any country in the world, and this is the last problem 
which you would expect that a democracy could handle. I 
am pointing out conditions which ought not to exist because I 
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believe at the bottom of my heart that our method, the dem¬ 
ocratic method, is capable of rectifying bad conditions more 
rapidly on the whole than is any other method, if only we can 
once get th,e real situation and the real need before the conscious¬ 
ness of the American people. 

What we need then if we would become a first-rate rather 
than a second-rate people from the standpoint of our scientific 
development is, first, the development of more highly trained 
and more able scientific personnel in this country than we now 
have. Second, we need the development of a new public 
opinion on scientific matters. We need appreciation of what 
science is and what it can do.. We do not need any more so- 
called “Popular Science Monthlys,” but we do need a better 
educated, scientific intelligence than we have at the present 
time. 

How are we going to get these things? Dr. Whitney has said 
that we have enough organizations. Maybe we have, at any 
rate we have not enough of concerted action among existing 
organizations. This is precisely what the National Research 
Council is endeavoring now to bring about, and if the Research 
Council cannot succeed in this work which it has been organized 
to do, then some other organization must arise which will do 
it. In other words, we must in some way get the scientific 
men of the country pulling together. I think this can be done 
and that it is the biggest, most worth while enterprise which any 
of us have ever had an opportunity to take part in. The prob¬ 
lem is to persuade the engineering societies, and the physical 
societies, and the biological societies, and the medical fratern¬ 
ities, no longer to work all by themselves, but instead to pull 
all together in one common effort, first to educate the American 
public to a larger appreciation of the possibilities of science, 
second, to make the present American scientist more effective 
than he now. is, and third and most important, to find means 
by which we may develop more and better scientific men. 

The education of the public is of course a slow process, but 
it can be accomplished by directed effort and concerted action 
such as the Council is now attempting to bring about. The 
stimulation to greater effectiveness of existing scientific men 
also cannot fail to result from all of these new activities. But 
the producing of a continuous new crop of able scientific men 
is a problem to which I should like to give a little more detailed 
consideration. The result aimed at can he attained only through 
the agency of the American Universities. These however can- 
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not possibly make the kind of men Dr. Whitney wants out of 
poor material. Something can be done to a man by education 
alone, and yet there is no one who knows as well as the college 
professor how little merely going through the routine of getting 
an education amounts to. Our primary need is to find a way 
of getting a better selection of men than we now have, that is, 
a way of diverting the brains that now exist in the country 
into research channels. How is that to be done? The answer 
is to my mind very direct though perhaps not so simple, since 
it involves funds. It is to deliberately and consciously set 
about the task of creating more opportunities for research 
careers than we now have, and giving greater dignity to such 
careers. In connection with American Universities, I see ways 
in which this can be done, first by persuading philanthropic 
men and institutions to endow a considerable number of 
scholarships similar to the so-called 1851 Exhibition Scholarship 
of the British Universities, second, by the creation through 
private means of many more partial research professorships 
than we now have. I say partial research professorships be¬ 
cause I think that the research man needs the broadening 
influence of a small amount of advanced teaching even for the 
greatest effectiveness in his research work. The creation of 
more pure research institutes like the Rockefeller Institute 
for Medical Research or the various research laboratories of 
the Carnegie Institution of Washington, may also be encouraged 
though I am myself a strong believer in building up research 
enterprises in connection with educational institutions so that 
the atmosphere of research may be inhaled by the young 
blood which is continually passing through these institutions. 
Create a real research atmosphere in a score of American 
Universities and a new generation of research men will quickly 
be created which will place America in the front rank in the 
fields of science. I should regard it as a calamity if the re¬ 
search funds available in America went exclusively or even 
primarily into the founding of central research laboratories. 
This country already has scores of magnificently equipped 
laboratories which produce one tenth as much as European 
laboratories one fourth as well equipped. We do not want 
more brick and mortar, more physical facilities, we want 
more and better men . As Dr. Whitney has so well said, we want 
a man-producing program, not merely a man-consuming program . 
The man-producing agencies are primarily the universities . 

Funds which are donated to colleges or universities for 
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research work should be devoted by the terms of gift to re¬ 
search purposes and made altogether undivertable into the 
purely educational budget. One of the chief aims of the Re¬ 
search Council has been from the start to stimulate this sort of 
giving. The finest outgrowth of our democratic, individualistic 
civilization has been the development of a great multitude of 
public spirited men who devote their means to public ends and 
it will probably continue to be true in the future as it has in 
the past that our biggest and most important public enter¬ 
prises will be inaugurated not by public but by private initia- 
. tive. I see no reason therefore for not using the method which 
has been most successful in the past in many fields and which 
is most characteristic of the genius of Anglo-Saxon institutions 
—viz., the method of the private foundation of research scholar¬ 
ships and professorships. 

But I agree with Dr Whitney that in a country like this, 
there is no reason why the federal government, as well as pri¬ 
vate persons and institutions, should not promote the devel¬ 
opment of research. The whole world has been aroused 
by the war to the importance of this sort of activity. Eng¬ 
land has appropriated governmental funds for scientific and 
industrial research, and Canada has done the same, and 
so has Australia, and Italy, and I think Japan also. The 
United States is almost the only large country which has not 
thus far done anything in this direction. But there is now be¬ 
fore Congress a bill—the so-called Smith-Howard Bill—which 
in its original form had most unfortunate features, but which 
is apparently now in process of being changed into a really 
valuable measure. I am permitted to say that the authors 
and sponsors of this bill recently asked the National Research 
Council to appoint a committee to give it thorough study and 
make possible recommendations. A fairly representative com¬ 
mittee of some ten men, including Dr. Whitney and the Direc¬ 
tor of the Bureau of Standards and the author of the bill, 
Mr. P. V. Stephens, has met and reported unanimously upon 
certain types of modifications in that bill. The most essential 
of these changes consist in the setting up of the principle, dif¬ 
ferent from that incorporated in the original bill, that the funds 
appropriated by the federal government to each state shall be 
allotted to institutions within the state by a board composed of 
at least five of the most eminent available scientists and engineers 
of the state , upon the basis of programs of research submitted 
annually by these institutions to this scientific board . It was 
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the judgment of the Committee, and also of the executive 
board of the National Research Council which unanimously 
approved this report, that if the allottment of research funds 
within each state-can be placed in the hands of men who know 
what research is, and if the institutions of a state can be 
stimulated to a rivalry in the development of research programs 
there will develop in existing laboratories of which we have 
already an abundance, an atmosphere of research which is now 
wanting. It is only through the creation of such atmospheres 
that research men can he developed.. This sort of a plan seems 
to make it possible to plant men all over the country who 
will be creating such atmospheres. It provides for the stimu¬ 
lation of research throughout the country in both industrial 
and pure science lines much better than any scheme for federal 
aid which I have seen discussed. 

There is very grave danger, however, that the desire of 
public officials, legislators and private individuals to leave 
brick and mortar monuments to themselves will divert funds 
which ought to go to the development of men to the creation 
of more elaborately equipped laboratories without men, such 
as already constitute a reflection upon American judgment and 
American brains. If the Smith-Howard Bill modified in some 
such vital way as I have indicated does not pass then I have 
little doubt that the National Research Council will in time 
itself establish within the states research boards which may then 
obtain state funds to be used in some such way. California 
has already such a State Board, working in cooperation with 
the National Research Council and this board has within the 
past year received and appropriated more than $50,000 for 
research within California. 

I have said enough to suggest many ways in which research 
in industrial and pure science lines is likely to be stimulated in 
the near future. Let me close with a brief word on the organi¬ 
zation of the National Research Council which is occupying 
itself with these large problems of the promotion of research 
in the United States by a method which is compatible with the 
genius of our Anglo-Saxon institutions, namely, by the demo¬ 
cratic method of the voluntary associations of research men, 
societies and institutions into a great body which can effectively 
create public sentiment and stimulate in a large way research 
enterprises. 

The Council is, in a word, simply a federation of the research 
organizations and activities of the United States for the purpose 
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of obtaining concerted action, mapping out new lines of prog¬ 
ress, establishing the cross connections between different fields, 
acting as a central bureau of information and coordination, 
and promoting research in general. It has for the past year 
had a so-called war organization, because one of the most 
important problems which confronted our country was to get 
the scientific and engineering brains of the country effectively 
at work upon its war problems. The National Research 
Council has been one of the influential and effective agencies 
which has been doing this and it has thrown all its energies 
into the task. Now the time has come when it must reorganize 
so as to adapt itself as completely as possible to the problems of 
peace, which are more important even than those of war. 
The present tentative plan is to have the Council a thoroughly 
representative body in that at least a majority of its member¬ 
ship is essentially elected by the constitutent societies for a 
period of say three years. Each of the seven or eight divisions, 
namely, the division of Engineering, the division of Physics, 
Geophysics, Astronomy, Mathematics, the division of Chemis¬ 
try and Chemical Technology, the division of Medicine and 
related sciences, the division of Biology, the division of Geology 
and related sciences, etc., to consist of 25 to 35 men presided 
over by a chairman elected by the group. The most essential 
feature of the proposed organization is the Executive Board 
which consists of these eight chairmen, eight vice-chairman and 
say ten members at large. The Board would meet at least 
once a month in Washington. The eight chairmen are to 
give up, in general, all other activities for their term of office, of 
probably a year’s duration, to be paid suitable salaries, say 
$6,000 a year, are to be resident in Washington, and to devote 
their whole time while in office to the promotion of research in 
the United States. With eight of the best and most influential 
scientific men in the country devoting themselves each year 
to the large problems of surveying, stimulating, and coordinat¬ 
ing the research activities of the country, the United States can 
I believe very soon be placed in the front of the nations of the 

earth in scientific discovery and its application to the arts and 
industries. 

The National Research Council bespeaks your active co¬ 
operation and support in this great new democratic and 
characteristically American program. v 
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Discussion on 4 ‘American Engineering Research” (Whit¬ 
ney) and “Research in America after the War” 
(Millikan), Philadelphia, Pa., December 13, 1918. 

Chas. E. Skinner: I made a plea from this very platform, not 
a great while ago, for the training of research men, and if itera¬ 
tion and re-iteration of the necessity of the case will help any, I 
am glad to lend my voice to a further plea along the lines that 
have been so ably indicated here this evening by Dr. Whitney 
and Col. Millikan. 

I made a plea for the training of research men in the universi¬ 
ties. I did not have at that time a well-organized plan in my 
mind for carrying out such training but plans are now well 
under way by the National Research council. 

I have been asked a number of times recently to lend my sup¬ 
port to the Smith-Howard bill. I have not been entirely 
satisfied with the bill, as presented in the early drafts because I 
felt, that there would be a very considerable waste of money in 
arbitrarily selecting certain places and giving those places a 
fixed amount of money without any program to work on. I am 
more than pleased to hear Col. Millikan outline certain modifica¬ 
tions which have been proposed to the bill which completely 
remove any objections along that line which I may have had in 
the past. 

I have felt throughout the war that our program of research 
after the war was possibly of more importance to us than our 
program during the war, if we are to hold our place among the 
nations of the world. To carry out that program we need, above 
all things, a knowledge on the part of our people as to what 
properly directed research can accomplish. We need trained 
research men in all phases of our work, and particularly in 
connection with engineering research. If the desired results can 
be brought about by the plans proposed here this evening and I 
believe they can, these plans should have our heartiest support. 
In closing I wish to express my admiration at the way this 
subject has been presented, and to say that I feel we are, well 
on the road to establishing a plan of action for caring for this 
very important matter. 

E. E. F. Creighton: There is nothing so valuable to our 
country at the present time as the consummation of the plans 
involved in the presentations of our eminent speakers this 
evening. Both Dr. Whitney and Col. Millikan have been able 
by their own efforts to show the enormous value and wealth to 
the country that accrue from research. So much can be obtained 
in this line of endeavor that the proposed appropriations of 
Congress seem far too small. Dr. Whitney has shown in more 
than a few instances that pure research will lead to the most 
valuable results for the whole of civilization. The mention of 
even one of them argues completely the justification of research: 
Langmuir’s gas-filled lamp and the resulting saving in coal, or 
Coolidge’s X-Ray tube and its benefits to the medical profession, 
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to say nothing of its uses in other fields. In some cases, I 
understand, years of pure research were carried on before a 
utilitarian result was reached. 

The subject on which I wish to make my appeal I surmise 
has been characterized in Col. Millikan's great contribution to 
the electron theory in the mental processes preceding the count¬ 
ing of these tiny particles one by one. It appears to me like an 
invention to conceive of the mechanism of a floating particle of 
oil which, by the natural movements of electrons, would finally 
be struck and electrified. The presence of the electron was made 
known by observing the particle of floating oil between two 
plates which could be electrically changed in direction and 
intensity as desired. How much research preceded this inven¬ 
tion we do not know, but it would seem that the valuable part 
of the research succeeded it. At any rate, the assumption that 
the invention could precede all of the research, the invention 
being founded on well-known principles of attraction and 
repulsion in the electrostatic field, illustrates the point I have 
in mind. 

# My interest for many years was in the development of inven¬ 
tion as an activity distinct from research, although not separated 
from it. One may approach a problem from either the 
purely research standpoint or from an inventive standpoint. 
Research is seldom useless in that, if carried on properly, it 
gives more information on the laws of nature or on the charac¬ 
teristic of some material, but it is liable to be mostly lost unless 
it leads to some immediate useful end. On the other hand, 
invention is, in general, futile unless accompanied by a consider¬ 
able amount of research. This would easily account for the low 
percentage of suggestions by inventors which proved valuable 
to the Naval Consulting Board. If one approaches the problem 
with an inclination toward the process of mind of invention before 
any great amount of research, one invention in ten would be a 
high percentage of success, but since the nine may be discarded 
with brief analysis, rapid advancement is possible. On one 
hand, in the extreme, there may be a blind research for whatever 
results may come from the investigation. On the other hand, 
research may be earned along specific lines to discover materials 
or characteristics of materials or laws which will fulfil the condi¬ 
tions of the invention. The difference between the two is the 

efficiency of directed force as compared to more or less chaotic 
force. 

While America s list of workers in the pure research is com¬ 
paratively small and our inventors have lost much by not 
harnessing research to their inventions, still we have much to be 
proud of m the line of invention. It is necessary only to men- 
tion the name of the greatest of all our inventors—Mr 
Edison. Mr. Edison has done much research but as I under¬ 
stand his work, his research was usually preceded by an actual 
invention. It is customary to think and speak of Mr Edison as 
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a genius, and the methods used by him unavailable to the rest 
of us. While it may be a long time before society is fortunate 
enough to find again the combination of ingenuity, interest, 
perseverance, enthusiasm, and assiduous application that has 
made it possible for Mr. Edison to so enrich the world, I can 
state by actual experience there is no reason why the methods 
cannot be taught to any student with the taste and the desire 
to become an inventor, with the results as good, on the average, 
I think, as obtained in the other professions. In brief, I believe 
inventing is just as much a profession as medicine, or law, or 
engineering. Invention results exactly and naturally from a 
particular view point or cultivated attitude of mind. There is 
much more which should be said of details. 

The remarks of the speakers of the evening bring forth the 
plea for the desirability of drawing into the proposed research 
laboratories that body of chaotic American inventors who need 
the stabilizing effect of the exact knowledge of research; further¬ 
more, to cultivate among the research students the utilitarian 
spirit which leads to invention. 

P. G. Agnew: Coming from a National Laboratory, I can 
only say I hope some mechanism can be evolved for closer 
cooperation between the research agencies and these National 
Laboratories. 

C. H. Sharp: I want to emphasize the point which has been 
brought out by the two eminent speakers of the evening, that 
research is more a matter of men than it is of material means. 
A great research worker can get results with inferior means that 
an inferior research worker cannot get with the best means in 
the world at his disposal. As Dr- Whitney said, we have in this 
country laboratories more splendid than can be found elsewhere, 
but we are not turning out men to get the results out of these 
laboratories. 

An effort towards education of research men and towards 
stimulation of research work is being made in the Smith-Howard 
bill. The amendments which Dr. Millikan tells us have been 
proposed by the National Research Council to this bill have 
removed some of the very serious objections to that bill. We 
should bear in mind that while this bill calls for an appropriation 
of $15,000 per year to each state and territory, that figure 
obtains only for one year. It is increased year by year until in 
the fourth year, it becomes $30,000 per state and territory, and 
remains at that figure. 

The proposition is, then, to subsidize each of the states and 
territories in the amount of $30,000 per year. This amounts to 
something over one million and a half dollars for the country. 

Now, that is really not an excessive amount for the Federal 
Government to appropriate to this purpose, if there is a reason¬ 
able prospect that it will be wisely and economically expended. 
The British Government has recently appropriated One Million 
Pounds, Sterling, for the stimulation of research during the 
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year. However, the one million pounds includes the support 
of the National Physical Laboratory which the British Govern¬ 
ment has recently taken over, and the proposition in England is 
in other respects not parallel with the one in this country. It is 
proposed over there to subsidize individual research workers, 
men who show competency and talent for research, and thus 
give them an adequate training and a chance to develop their 
abilities. It is also proposed to subsidize Research Associations 
organized by various industries and chartered by the Board of 
Trade for the purpose of carrying out in cooperation, researches 
covering the great problems which are common to the industry 
as a whole. 

Moreover the British Government is appropriating this money 
on top of a huge war debt and in the face of enormous taxes, 
such as we do not know and probably never shall know, in this 
country. A million and a half dollars therefore while by no 
means excessive is enough money to make it worth our while 
to see that it is expended in the way which will yield the best 
results. 

A feature of this bill is that it denominates the Bureau of 
Standards as the co-ordinating agency for the direction of the 
research work in these various institutions which are so subsi¬ 
dized. This throws upon the Bureau of Standards an enormous 
responsibility, a responsibility which was never anticipated 
when the Bureau of Standards was organized, and which comes 
to it on top of the other greatly increased labors which have 
accrued to it as a result of the development during the years 
which have elapsed since the time of its org aniz ation 

Of course, this proposal at once suggests the thought tha t the 
Bureau of Standards thereby becomes the all-powerful agency in 
directing research in this country. This being the case, it is 
necessary that we should inquire whether this agency has 
directed its researches along such lines, and will probably direct 
the research contemplated on the Smith-Howard bill along such 
lines, as to yield the most useful results for the public which it is 
intended to benefit. This is a very serious question. 

Now, we are all very strong supporters of the Bureau of Stand¬ 
ards.^ We believe that it is an institution of inestimable value 
in this country as a scientific agency. As such we want to see 
it prosper and grow great, and we rejoice in the added prosperity 
which has come to it in recent years. I think, however, some 
of us would feel a little better about it, if we had a little more 
assurance that the lines of progress of the Bureau, that is to 
say, the lines which it attacks in its endeavors, the research 
problems which it takes up, are problems which are such, as it, 
pf all agencies, is the most competent to tackle, problems which 
it alone of all .agencies is able to solve, and that it is never wasting 
its time or its endeavor in assailing problems which can be 
assailed, perhaps, almost as well by other agencies j that it is 
maintaining its original status as a scientific institution, and is 
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not diverting its energies into other channels which, however 
important they may be in themselves, cannot be considered to 
lie in the domain of the physical sciences to which, as we con¬ 
ceive it, the activities of a Bureau of Standards should be 
confined. Certainly, if this added responsibility is to be put 
upon the Bureau of Standards, we ought to have some assurance 
along these lines, such as we have not had in the past. 

To state the matter in general terms, when the future of this 
country as far as the guidance of industrial research is concerned 
is entrusted, to any agency, we who represent engineering and 
industry must make sure that safeguards are established such 
that there is no chance for this agency to fail to perform its 
functions to the most advantageous result for the public good. 

E. P. Hyde: I was very delighted to hear Col. Millikan speak 
of the closer cooperation between the physical societies and the 
engineering societies. That has been a hobby of mine. It was 
not always a hobby. I grew up in an institution, the Johns 
Hopkins University, to which Col. Millikan referred in his 
address, in which pure science was placed on a very sacred 
pedestal, and the first two or three years of my connection with 
the Bureau of Standards were a veritable hell, because I was 
called upon to do something that was of some use to somebody, 
and I was prompted to go off and do something for the sake of 
pure science. I felt for a long while that the physical society 
was a group of moss-backs, who gathered periodically in some 
cobwebby room, in some University to discuss academic scien¬ 
tific subjects, and I think in a small way I was partly responsible 
for having the Physical Society break away from that custom, 
and meet once at an industrial institution, and that proved so 
satisfactory that they planned to do it each year, and I am only 
too sorry that some situation prevented the program which 
had been planned for a joint meeting of the American Physical 
Society with the American Institute of Electrical Engineers 
last October. 

The second thing to which I would like to refer is getting 
the proper men to develop into research men. I do not 
think we would expect to draw strong men into a line of work 
which offers neither remuneration nor appreciation. This may 
not be the place to say this, but I am not at present connec¬ 
ted with an educational institution, and therefore I am free to 
speak. . 

I think a thing we can all do,—and I am talking to men who 
are not in the universities now—is to help place scientific research 
in our institutions on a higher plane, and if we cannot induce 
the strongest men to go into research work, in the first place, 
as leaders, as guides, as pioneers, to inspire young men to follow 
in their footsteps, we cannot expect to get strong men to engage 
in research undertakings. . 

[^The process is cumulative. If we have no appreciation and 
no remuneration that is commensurate with the work that is 
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done, we will get comparatively weak men in our institutions, 
and the prevalence of these weak men in the institutions will 
tend to degrade the men who enter upon research work as a life 
work. We must increase the appreciation, and I think we must 
increase the income, incident to this work. As I say, it is not 
our place to do that, it is not our responsibility, possibly, but 
I have felt some of the responsibility, and I think, if more of us 
felt some of that responsibility as individuals, if we saw to it 
that there was more remuneration for men who do that work, 
and if we saw to it that there was great appreciation of what 
they did, we would only be performing our duty. 

Can you imagine this situation occurring in this country. It 
happened to me. in Karlsruhe. I had made an engagement 
with Herr Gehimrat Professor Doctor Bunte, Technische 
Hochschule, at Karlsruhe. I had made no provision for hotel 
accommodations, and when I reached the town in the evening 
I found there was some fete in progress and the hotel was filled. 
I secured an attic room that must have been used for the lowest 
grade of menial. It had absolutely no conveniences. I had to 
call over the banister for a maid if I wanted a glass of water. 
The next morning after breakfast I went to the laboratory of 
the Hochschule. I was met by a rather austere gentleman who 
wanted to know my business. I told him that Doctor Bunte 
had made an engagement to see me, and as I was at the hotel I 
would see him there if that was agreeable to him. I went back 
to the hotel and I said to the manager, Herr Professor Doctor 
Bunte is going to meet me here, is there some place where I can 
receive him, and he showed me into a private sitting room with 
a great deal of deference, and when in a few moments Doctor 
Bunte came, the proprietor at the hotel was at the entrance, to 
receive the doctor, and was making obeisance to the doctor all 
the way coming in, and the doctor was poking him aside with 
his cane, and after Doctor Bunte left, the proprietor of the hotel 
found that he had a very good room on the premiere etage. for me. 
Can you imagine anything like that happening in any of 
our small towns to which Dr. Whitney referred to, such as 
Columbus or Princeton, or anywhere else. It indicates a great 
deal, I think, and we must in this country establish that appre¬ 
ciation, and with that must come reasonable remuneration for 
our men who are training the young men, a reasonable remunera- 
tion for those men who are to inspire the young men in research 
work, if we are to hope to accomplish what has been accomplished 

in T Ge T a -2 y ; an( ^’ course > it i s otLr hope to go far beyond that. 

L. T. Robinson: The Smith-Howard Bill which has been 
referred to seems to me to be a good move in the right dir ection. 
I say this because I did not know, until tonight that it had been 
modified or that a somewhat similar bill had been prepared by 
others. It is the general idea that appeals to me as being good. 

Such an arrangement will attract the right kind of professors 
and give them opportunities to carry on much research work 
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that could not be supported by present methods of financing. 
The arrangement will also be of benefit to students. 

The only fear seems to be that the bill contemplates giving the 
Bureau of Standards too much responsibility. 

F. A. Millikan: That feature was eliminated at the request of 
Dr. Stratton. 

L. T. Robinson: I am rather sorry for that because I have 
confidence in the Bureau. I think all of us should have confi¬ 
dence in it. There must be some directing and coordinating 
force somewhere. 

However, I do appreciate the fact that when you make the 
Bureau responsible for coordinating all this proposed work, that 
you are placing a tremendous burden of responsibility on the 
organization. 

It seems to me that if the Bureau is to be the agency to do this 
thing—and I can think of no better one—we ought to make an 
effort to help them. 

The arrangement that suggests itself to my mind is that an 
advisory board consisting of representatives from the four 
National Engineering Societies, The American Physical Society 
(which has tonight become an engineering society), The American 
Chemical Society (which is also an engineering society as defined 
tonight), together with representatives of the industries and 
business—covering the whole field that is and should be served 
by the Bureau of Standards—be created in some way. Probably 
a good way would be for the President or Secretary of Commerce 
to appoint representatives nominated by the various societies. 

I am assuming that some such arrangement would be agreeable 
to all parties concerned. Such a board might be a branch of 
the National Research Council or perhaps it might act in the 
same capacity to the National Research Council and to the 
Bureau. The details of the arrangement have not occurred to 
me and are, at this time, relatively unimportant. I can at this 
time only express my belief that a non-partisan, and non-political 
advisory board created from engineering and scientific societies 
from the industries, public utilities, etc., could be formed that 
would be productive of great benefit to the Bureau and to the 
country as a whole. 

We have seen recently in this country good results, accom¬ 
plished by boards appointed almost haphazard. If you can get 
results with boards appointed in that way, how much better 
results could you get with a board created by nomination from 
the national engineering, technical and business associations, to 
help this great movement along and to support and advise the 
Bureau whose work we all regard so highly. 

M. W. Franklin: There are three points in the addresses of 
Dr. Whitney and Prof. Millikan which have interested me 
particularly. In the first place, I refer to Dr. Whitney’s dis¬ 
claimer of any desire to form a board, a new committee, to take 
hold of this matter, and the assumption is made that there are 
enough committees already in existence. 
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second place, I want to refer to the premise of Prof. 

i i 3,21. that the research of the present day is becoming 
P^inatic—practical—that is, it is having a utilitarian purpose, 
and that this is dominating the present-day research, and to a 
good end, and the other remark of Prof. Millikan, that he 
prefers the democratic method as against the autocratic method, 
and. thinks it will produce better results. 

I happen to be in a position to say something very cogent on 
the subject of research in this country at this time, and because 
of the interest that these three points have had for me, I am 
saying it. there is an engineering society in this country, if not 

?^ S r C ^ re ’ P® rha P s °ne of the most obscure, a society 
with about 750 members, a society which until within the last 
live years, has been scarcely an engineering society in anything 
but name a society which had its inception in an aggregation of 
salesmen of a utilitarian article, and which has been struggling 
along but which has done something in connection with this 
matter of research recently, that merits your attention and your 
commendation,, because I think it is a model for all the greater 
societies on which they can base their endeavors. 

I refer to the American Society of Heating and Ventilating 
-Engineers. I happen to be a member of that society. I say 
that advisedly—there was a time in my ill-starred past when I 
had some vicarious connection with the ventilating business— 
I do not boast about it and I got into the society at that time 
“ d 1^, Spite of ■several resignations presented to the society, I 
am still a member of it. In fact, I have just been nominated as 
one of the vice-presidents, and in the course of events, in the 
irony of fate, I will.be the president of the society if I do not die 
or get fired. . I think it was due to another activity, eq uall y 

unfortunate, m which I was interested, the institution of the 
research movement. 

There was a group of boiler salesmen in the first place, who 
made up that society and who did not know anything about 
research matters. They could measure a house and guess how 
much radiation surface was needed. They carried a two-foot 

c , a , med ,, some PiP e “d some radiator units, and 
ftoaSi th“w e 2 e “ d theT W6re engineers, or 

About five years ago I got very busy in connection with the 
subject of research, I do not know why, and they took it seriously 
and got started on the research proposition ’ y 

coStracSv S h a C ; e fii^- War ’ °? f 00 * 11 * of the different bureaus 
constructing battleships and barracks, and other things in 

which human beings have to live for a certain length of time 

they discovered that they needed something like prlcise knowl- 

an S eno^Sc : SUb3eCt f J e , nt + ilation - They found that there was 

that^n^nf . amou P t of data °n pe subject of ventilation, and 
that most of it was incorrect. That was discovered by accident 

w en they began to ask different experts how to construct the 
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living spaces in battleships and barracks, and they found also 
that there were plenty of opinions, no two of which coincided 
in any respect whatever. 

So then the American Society of Heating and Ventilating 
Engineers found itself in a very unenviable position—you 
might say in an equivocal position, they were looked up to and 
bowed down to, but in the secret recesses of their own hearts, 
they realized that it was camouflage in the most fully developed 
sense of the term. 

They got together this research data, which had died a natural 
death sometime before, and got busy on the subject of getting 
something that was reliable in the way of research, and they 
have organized a series of sections, one of which I have been 
called upon to organize myself, and they have appointed a com¬ 
mittee in each one of the twenty-nine sections or local chapters, 
as they call them. I will repeat, that the whole membership 
in the aggregate amounts to fewer than 800 persons. 

They had organized in each of the 29 chapters a Local Research 
Committee, and each Local Research Committee went out to 
get the money and to get something done in the way of research, 
that will put on the records for all time reliable information 
about ventilating subjects, which are important subjects, and 
in connection with which this research study is especially valu- 
able. 

I was much interested in what Mr. Louis- Robinson just said 
and I cannot help but admire his practical good sense. 

These committees to which I have referred got together, in 
the first place, on the pragmatic basis, the practical basis, and 
they said:—“Let us do something that will be of value to some¬ 
body, and let us do it in a practical way. We will get together 
and make a list of all the manufacturers of apparatus in the 
United States, who can even remotely be interested in processes 
of manufacturing ventilating equipment, and in precise knowl¬ 
edge on the subject of heating and ventilating. We will get 
together, all the engineers in the United States, who remotely, 
at deast, can be interested in this subject, always financially 
interested, don’t forget that. That is pragmatic, that is higher 
philosophy according to Ole Yonson. 

Then they said:—“Let us get together all the contracting 
engineers who can be even remotely interested in operations in 
which heating and ventilating play a part. We will make a list 
and divide them up according to locality. We will ‘sic’ the 
members of these societies on these men, and make them sign 
something which looks like a liberty bond voucher, and make 
them sign it to be good for a period of five years, to support this 
research bureau.” 

We made arrangements at the Bureau of Mines at Pittsburg, 
which has put at the disposal of this little society its beautiful 
research laboratory and facilities free of charge, and they are 
delighted to have the members of the society come in and do 
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something; The members of this society are live wires. They 
get on the job. We call all the members in, and hold a meeting, 
and 80 per cent of our membership comes to that meeting. I 
Will admit that the methods of getting the members to the 
meetings are sometimes questionable. On one occasion they 
promised the members that I was going to read a paper on “The 
Control of Fumes and Noxious Gases,”—a subject I know little 
about—a,nd the members came, and we sprung this on them. 
I really intended to speak on the subject but when we got on 
Research there was no time for the paper. We took our appor¬ 
tionment cards with a list of some 400 firms on them, and we 
read off the names and made the members volunteer to take some 
of these cards and go to the firms and “get it,” the idea being 
to: “get it,” which is again pragmatic, the means being subsid¬ 
iary in every case. 

We scorned the easier method of getting these names and 
going to two or three of the larger firms and having them sub¬ 
sidize this project. We could have done that. I could have 
picked out five firms in the United States that would have 

given us $35,000 or $40,000 a year for five years to have the 
work done. 


We preferred to choose the method of democratizing the 
scheme, and get everybody into it. Almost every member 
contributed ten dollars a year for five years, and some contrib¬ 
uted more, and everybody did his bit, and even those who are 
remotely interested, from monetary points of view, if they 
happen to have knowledge of the subject, in a general way, they 
put something in, and we are going to appoint two research men, 
and we will be consumers of research men, and incidentally 
producers of research men, and we will put these men at the 
Bureau of Mines at Pittsburgh and they will do the research. 
Fvery one of these manufacturers will have, without fear or 
favor, the right in a democratic way to say:—“This is a great 
problem, something of great importance, the transmission of 
heat through buildings and material, the transmission of heat 
through covered pipes, the efficiencies of certain types of boilers 
certain types of grates. Without fear or favor, they will 
present their views and preferences for research subjects, and 
^ese will be carried out to a hard-boiled finish, and the results 
will be printed by the American Society of Heating and Ventilat- 
mg Engineers, and when these things are published, in the course 
of five years this research bureau will be a big thing and a live 
thing, and the Government will be ashamed not to be behind it 

dn d atS S +^! ld f e ltj * and P ay . for a11 the & rea t work it is going to 

Al fV can Society of Heating and Ventilating 

of gSt y,® Cr€ 4 lt for thls work - “ 0u t of the mouths 

l^ d - suckkn g s > ~ not meaning me—but the great 
American Society of Heating and Ventilating Engineers vou 
can get something. & ^ n s meers > y° u 

rinba" -? r j-^anklin s em phasis on the pragmatic or 
ollar and cents side of this subject recalls what I have said on 
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many similar occasions in the past, namely that whereas some 
manufacturers are inclined to look askance at cooperative 
research since they cannot control the results but must share 
them with the other cooperators, the gains certainly far outweigh 
any loss due to sharing the results. After the results have been 
obtained there still remains ample opportunity for competition 
of intelligence and resourcefulness in their application. The 
best minds will win out in any case. Moreover cooperative 
industrial research means not only a great saving to the individ¬ 
ual manufacturer but also the possibility of getting together the 
foremost experts in each field and a vastly greater probability 
of successful outcome. 

John B. Taylor: Since the war came on, there has been much 
talk of research, much more than before, and through the 
newspapers and popular magazines, the public have at least 
learned the word, even if they do not know what research is. 
They are asking now, “What is Research.” and they are re¬ 
ceiving many replies. 

To my mind research is not a college degree, or a laboratory, 
nor an equipment. It is an attitude of mind. You can find that 
attitude of mind, of course, in the colleges and in the. labora¬ 
tories, where there is equipment, and you can also find it on the 
farm, and in other places. 

G. Francis Gray (communicated after adjournment): The 
notable addresses to which we have listened will leave a profound 
impression on all who are interested in research either in pure 
science or in the industries, and the closeness of these two to 
each other has been strikingly indicated by the fact that in 
these addresses the pure-science representative has advocated 
the union of science and engineering while the director of a 
great industrial laboratory has plead the cause of pure science. 

In the discussion of the Smith-Howard bill it seems to me 
there is danger of confusion as to the exact purpose of this 
particular legislation. The four things generally spoken of are 

a. Benefit to the industries from the results of research. 

b. The training of advanced college students to be research 
experts. 

c. Stimulating popular appreciation of the value of research 
work. 

d. Developing college professors who are primarily leaders 
in science rather than college executives or professional educators. 

Obviously a scheme that is best for one of these is likely to be 
somewhat unsuitable for the others, and unless the issue is 
clearly defined, discussion is likely to be at cross purposes. It 
is my opinion that the practicable plan for the present is to 
concentrate on a program designed to definitely and promptly 
benefit the industries of the several States, for the reason that 
this can readily be done, and well done, with people already 
available. Moreover the process will at the same time serve to 
train men by experience in productive work, and will provide 
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the material for the most effective kind of publicity, since 
every business man definitely helped by the results of research 
work will become its strong advocate. As for developing the 
real leaders in science, that will be possible only when our col¬ 
leges awake to their responsibility and when the positions they 
have to offer carry adequate salaries, freedom from academic 
duties and the social and business prestige they deserve. This 
bill alone can not hope to accomplish such a revolution in our 
present conditions. It seems much better therefor not to 
expect too much of it and not to hamper it by too am bitious 
plans, but to recognize its limitations, while appreciating its 
very real possibilities, and by concentration on a small and 
definite part of the big program really make a beginning at once 
along lines in which success is practically certain. 
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PREFACE 

In framing these rules, the chief purpose has been to 
define the terms and conditions which characterize the rating 
and behavior of electrical apparatus, with special reference to 
the conditions of acceptance tests. 

It has not been the purpose of the rules to standardize the 
dimensions or details of construction of any apparatus, lest the 
progress of design and production should be hampered. 


NOTE. 

The Standards Committee takes this occasion to draw the attention 
of the membership to the value of suggestions based upon experience gained 
in the application of the Rules to general practise. 

Any suggestions looking toward improvement in the Rules should be 
communicated to the Secretary of the Institute, for the guidance of the 
Standards Committee in the preparation of future editions. 
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COOPERATING SOCIETIES 


The following societies directly and through the committees named, 
have given helpful cooperation in the preparation of these Rules: 

American Society for Testing Materials, 

Committee B-l. 

Association of Edison Illuminating Companies, 

Committee on Meters. 

Illuminating Engineering Society, 

Committee on Nomenclature and Standards. 

Electric Power Club, 

Committee on Engineering Recommendations: Standardization Com¬ 
mittee. 

National Electric Light Association 
Committee on Meters. 

Committee on Apparatus. 

Association of Railway Electrical Engineers 
Committee on Wires and Cables. 

American Electric Railway Engineering Association, 

Committees on Equipment and Distribution. 

Institute of Radio Engineers, 

Committee on Standardization. 

Society of Automobile Engineers, 

Standards Committee 

Railway Signal Association. 
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SCOPE OF THE 1918 REVISION 

This edition of the Standardization Rules does not differ 
radically from the 1916 edition, although a number of changes, 
deletions and additions have been made. 

Historical matter which previously had not been carried 
beyond 1916 is omitted from this printing. There is also 
omitted the By-Laws of the Standards Committee of the 
A. I. E. E. as these are undergoing revision. 

-The chapter on Transformer Connections and Markings of 
Leads, (sections 600-617) has been modified to accord with cur¬ 
rent American practise. 

The chapter on Controllers, Circuit Breakers, Switches, 
Fuses, and Accessories (sections 700 to 744) has been extended, 
rearranged, and considerably altered. The chapter on Tele¬ 
phony and Telegraphy (sections 910 to 963) has been extended 
and revised. And, in addition to minor typographical correc¬ 
tions, there have been the following: 

Revisions: Sections 17, 60, 52, 162, 164, 171, 172, 301, 307, 

320, 348 (footnote), 405, 406, 502, 504, 765 (foot¬ 
note) , Table III. 

Deletions: Sections 169, 170, 657, 1017. 

Additions: Sections 17a, 84, 85, 142 to 147c, 237 to 244, 407 
, to 409, 1034 to 1036. 
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OF THE 

AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

DEFINITIONS 

Note. The following definitions are intended to be practically 
descriptive, rather than scientifically rigid. 

CURRENT, E.M.F. and POWER. 

(The definitions of currents given below apply also, in most cases, 
to electromotive force, potential difference, magnetic flux, etc.) 

1 Direct Current. A unidirectional current. As ordinarily used, 
the term designates a practically non-pulsating current. 

2 Pulsating Current. A current which pulsates regularly in 
magnitude. As ordinarily employed, the term refers to unidirec¬ 
tional current. 

3 Continuous Current. A practically non-pulsating direct current. 

4 Alternating Current. A current which alternates regularly 
in direction. Unless distinctly otherwise specified, the term 
14 alternating current ” refers to a periodic current with successive 
half waves of the same shape and area. 

6 Oscillating Current. A periodic current whose frequency is 

determined by the constants of the circuit or circuits. 

6 Cycle. One complete set of positive and negative values of an 
alternating current. 

7 Electrical Degree. The 360th part of a cycle. 

8 Period. The time required for the current to pass through one 
cycle. 

9 Frequency. The number of cycles or periods per second. The 
product of 2?r by the frequency is called the angular velocity of the 
current. 

10 Root-Mean-Square or Effective Value. The square root of 
the mean of the squares of the instantaneous values for one 
complete cycle. It is usually abbreviated r.m.s. Unless otherwise 
specified, the numerical value of an alternating current refers to 
its r.m.s. value. The r.m.s. value of a sinusoidal wave is equal to its 

maximum, or crest value, divided by V^2. The word ■“virtual.” 
is sometimes used in place of r.m.s., particularly in Great Britain. 

11 Wave-Form or Wave-Shape. The shape of the curve obtained 
when the instantaneous values of an alternating current are 
plotted against time in rectangular co-ordinates. The distance along 

1753 
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the time axis corresponding to one complete cycle of values is taken 
as 27T radians, or 360 degrees. Two alternating quantities are said 
to have the same wave-form when their ordinates of corresponding 
phase (see 5 13) bear a constant ratio to each other. The wave¬ 
shape, as thus understood, is therefore independent of the frequency 
of the current and of the scale to which the curve is plotted. 

12 Simple Alternating or Sinusoidal Current. One whose wave¬ 
shape is sinusoidal. 

Alternating-current calculations are commonly based upon the as¬ 
sumption of sinusoidal currents and voltages. 

13 Phase. The distance, usually in angular measure, of the base of 
any ordinate of an alternating wave from any chosen point on the 
time axis, is called the phase of this ordinate with respect to this point. 
In the case of a sinusoidal alternating quantity, the phase at any in¬ 
stant may be represented by the corresponding position of a line or 
vector revolving about a point with such an angular velocity (CO = 27T/), 
that its projection at each instant upon a convenient reference line 
is proportional to the value of the quantity at that instant. 

14 Non-Sinusoidal Quantities. Quantities that cannot be rep¬ 
resented by vectors of constant length in a plane. The fol¬ 
lowing definitions of phase, active component, reactive component, 
etc., are not in general applicable thereto. Certain “ equivalent ” 
values, as defined below, may, however, be used in many instances, 
for the purpose of approximate representation and calculation. 

15 Crest-Factor or Peak-Factor. The ratio of the crest or 
maximum jvalue to the r.m.s. value. The crest factor of a sine- 
wave is y/ 2 , 

10 Form Factor. The ratio of the r.m.s. to the algebraic mean 
ordinate taken over, a half-cycle beginning with the zero value. If 
the wave passes through zero more than twice during a single cycle, 
that zero shall be taken which gives the largest algebraic mean for 
the succeeding half-cycle. The form factor of a sine-wave is 1.11. 

17 Deviation Factor of a Wave.—The deviation factor of a wave is 
the ratio of the maximum difference between corresponding ordinates 
of the wave and of the equivalent sine wave of equal length to the 
maximum ordinate of the equivalent sine wave when the waves are 
superposed in such a way as to make this maximum difference as 
small as possible. (See §406) 

17a Interference Factor of a Wave.—The interference factor of a wave 
is a measure of its departure from the sinusoidal shape based upon 
its disturbing effects when acting by induction on other circuits. 
(See §§407 to 409). 

18 Equivalent Sine Wave. A sine wave which has the same 
frequency and the same r.m.s. value as the actual wave. 

19 Phase Difference: Lead and Lag. When corresponding cyclic 
values of two sinusoidal alternating quantities of the same fre¬ 
quency occur at different instants, the two quantities are said to 
differ in phase by the angle between their nearest corresponding 
♦See note next page. 
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values; e.g ., the phase'angle between their nearest ascending zeros or 
between their nearest positive maxima. That quantity whose 
maximum value occurs first in time is said to lead the other, and 
the latter is said to lag behind the former. 

♦20 Counter-Clockwise Convention. It is recommended that 
in any vector diagram, the leading vector be drawn counter¬ 
clockwise with respect to the lagging vector, f as in the 
accompanying diagram, where 01 represents the vector of 
a current in a simple alternating-current circuit, lagging 
behind the vector OE of impressed e.m.f. 

•21 The Active or In-Phase Component of the current in a 

circuit is that component which is in phase with the voltage across 
the circuit; similarly the active component of the voltage across a 
circuit is that component which is in phase with the current. The 
use of the term energy component for this quantity is disapproved. 

♦22 Reactive or Quadrature Component of the current in a cir¬ 

cuit. That component which is in quadrature with the volt¬ 
age across the circuit; similarly, the reactive component of the 
voltage across the circuit is that component which is in quadrature 
with the current. The use of the term wattless component for this 
quantity is disapproved. 

♦23 Reactive Factor. The sine of the angular phase difference 
between voltage and current; i. e.,the ratio of the reactive current or 
voltage to the total current or voltage. 

*24 Reactive Volt-Amperes. The product of the reactive component 

of the voltage by the total current, or of the reactive component 
of the current by the total voltage. 

*25 Non-Inductive Load and Inductive Load. A non-inductive load is a 
load in which the current is in phase with the voltage across the load. 
An inductive load is a load in which the current lags behind the 
voltage across the load. A condensive or anti-inductive load is one 
in which the current leads the voltage across the load. 

26 Power in an Alternating-Current Circuit. The average value 
of the products of the coincident instantaneous values of 
the current and voltage for a complete cycle, as indicated by 
a wattmeter. 

27 Volt-Amperes or Apparent Power. The product of the 
r.m.s. value of the voltage across a circuit by the r.m.s. value of the 
current in the circuit. This is ordinarily expressed in kv-a. 

28 Power Factor. The ratio of the power (cyclic average as 
defined in §26) to the volt-amperes. In the case of sinusoidal cur¬ 
rent and voltage, the power factor is equal to the cosine of their differ¬ 
ence in phase. 

29 Equivalent Phase Difference. When the current and e.m.f. 
in a given circuit are non-sinusoidal, it is customary, for pur- 

♦Note: Definitions 19, 20, 21, 22, 23, 24, 25 refer strictly only to cases where the 
voltage and current are both sinusoidal (see §11 and 12). 

tSee Publication of 12 the International Electrotechnical Commission (Report of 
Turin meeting, Sept. 1911, p. 78). 
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poses of calculation, to take as the “ equivalent ” phase difference, 
the angle whose cosine is the power factor (see §28) of the circuit. 
There are cases, however, where this equivalent phase difference is 
misleading, since the presence of harmonics in the voltage wave, cur¬ 
rent wave, or in both, may reduce the power factor without producing 
a corresponding displacement of the two wave forms with respect to 
each other; e.g ., the case of an a-c. arc. In such cases, the com¬ 
ponents of the equivalent sine waves, the equivalent reactive factor 
and the equivalent reactive volt-amperes may have no physical sig¬ 
nificance. 


30 Single-Phase. A term characterizing a circuit energized by a 
single alternating e.m.f. Such a circuit is usually supplied through 
two wires. The currents in these two wires, counted positively out¬ 
wards from the source, differ in phase by 180 degrees or a half-cycle. 

31 Three-Phase. A term characterizing the combination of three 
circuits energized by alternating e.m.f.’s. which differ in phase by 
one-third of a cycle; i.c., 120 degrees. 

32 Quarter-Phase, also called Two-Phase. A term charac¬ 
terizing the combination of two circuits energized by alternating 
e.m.f’s. which differ in phase by a quarter of a cycle; *.<?., 90 degrees. 

33 Six-Phase. A term characterizing the combination of six cir¬ 
cuits energized by alternating e.m.f’s. which differ in phase by one 
sixth of a cycle; i.e., 60 degrees. 

84 Polyphase. A general term applied to any system of more 

than a single phase. This term is ordinarily applied to symmetrical 
systems. * 


Per Cent Drop. 

50 In electrical machinery, the ratio of the internal resistance drop 
at 75 C. to the terminal voltage, expressed in percent, is called the 

'percent resistance drop.” 

51 Similarly the ratio of the internal reactance drop to the terminal 
voltage, expressed in per cent, is called the u per cent reactance drop.° 

62 Similarly the ratio of the internal impedance drop at 75°C. to the 

terminal voltage, expressed in percent is called the "percent impe- 
dance drop* 


63 


64 


65 


Unless otherwise specified, these percent drops shall be referred t 
rated load and rated power factor. 

_ In the case of transformers, the per cent drop will be the sum c 
e primary drop (reduced to secondary turns) and the secondar 
drop, in per cent of secondary terminal voltage. 

. tte CaSC ° f lnductl011 motors, it is advantageous to express th 
drops in per cent of the internally induced e.m.f. 

nf k° acl Factor of a machine, plant or system. The ratii 

of P ° Wer t0 the maximum P°wer “2 a certain perio< 

Jr . It® a aVer Tv, P ° Wer is taken over a certain period of time 

average ove/’ , or f year ’ and th e maximum is taken as th. 

iTeach oa^r m t ° f r the maximum !oad within that period 
In each case, the mterval of maximum load and the period ove. 
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which the average is taken should be definitely specified, such 
as a “ half-hour monthly” load-factor. The proper interval and 
period are usually dependent upon local conditions and upon the 
purpose for which the load factor is to be used. 

66 Plant Factor. The ratio of the average load to the rated capacity 
of the power plant, i.e., to the aggregate ratings of the generators. 

67 The Demand of an Installation or System is the load which is 
drawn from the source of supply at the receiving terminals averaged 
over a suitable and specified interval of time. Demand is expressed 
in kilowatts, kilovolt-amperes, amperes, or other suitable units. 

68 The Maximum Demand of an Installation or System is the greatest 
of all the demands which have occurred during a given period 
It is determined by measurement, according to specifications, 
over a prescribed time interval. 

69 Demand Factor. The ratio of the maximum demand of 
any system or part of a system, to the total connected load of the 
system, or of the part of system under consideration. 

60 Diversity Factor. The ratio of the sum of the maximum 
power demands of the subdivisions of any system or parts of a system 
to the maximum demand of the whole system or of the part of the sys¬ 
tem under consideration, measured at the point of supply. 

61 Connected Load. The combined continuous rating of all the re¬ 
ceiving apparatus on consumers’ premises, connected to the system 
or part of the system under consideration. 

62 The Saturation Factor of a machine. The ratio of a small 
percentage increase in field excitation to the corresponding 
percentage increase in voltage thereby produced. Unless other¬ 
wise specified, the saturation factor of a machine refers to the 

' no-load excitation required at normal rated speed and yoltage. It is 
determined from measurements of saturation made on open circuit at 
rated speed. 

63 The Percentage Saturation of a machine at any excitation 

may be found from its saturation curve (generated voltage as 
ordinates, against excitation as abscissas), by drawing a tangent to 
the curve at the ordinate corresponding to the assigned excitation, 
and extending the tangent to intercept the axis of ordinates drawn 
through the origin. The ratio of the intercept on this axis to the ordi¬ 
nate at the assigned excitation, when expressed in percent, is the 
percentage saturation, and is independent of the scales selected for 
excitation and voltage. This ratio, as a fraction, is equal to the 
reciprocal of the saturation-factor at the same excitation, deducted 
from unity; or, if / be the saturation factor and p the percentage 
saturation, / ^ 

>-100(1-7 

64 Magnetic Degree. The 360th part of the angle subtended, at the 
axis of a machine, by a pair of its field poles. One mechanical 
degree is thus equal to as many magnetic degrees as there are pairs 
of poles in the machine. 
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66 The Variation in Prime Movers which do not give an ab¬ 
solutely uniform rate of rotation or speed, as in reciprocating steam 
engines, is the maximum angular displacement in position of the re¬ 
volving member expressed in degrees, from the position it would 
occupy with uniform rotation, and with one revolution taken as 360 
degrees. 

66 The Variation in Alternators or alternating-current circuits 
in general, is the maximum angular displacement, expressed in 
electrical degrees, (one cycle* 360 deg.) of corresponding ordinates 
of the voltage wave and of a wave of absolutely constant frequency 
equal to the average frequency of the alternator or circuit in ques¬ 
tion, and may be due to the variation of the prime mover. 

67 Relations of Variations in Prime Mover and Alternator. If p is the 
number of pairs of poles, the variation of an alternator is p times the 
variation of its prime mover, if direct-connected, and pn times the 
variation of the prime mover if rigidly connected thereto in such a 
manner that the angular speed of the alternator is n times that of the 
prime mover. 


68 The Pulsation in a Prime Mover, or in the alternator con¬ 
nected thereto. The ratio of the difference between the maximum 
and minimum velocities in an engine-cycle to the average velocity. 

80 Capacity. The two different senses in which this word is used 
sometimes lead to ambiguity. It is therefore recommended that 
whenever such ambiguity is likely to arise, the descriptive term power 
capacity or current capacity be used, when referring to the power or 
current which a device can safely carry, and that the term 14 Capacit¬ 
ance " be used when referring to the electrostatic capacity of a device. 

81 Resistor. A device, heretofore commonly known as a resistance, 

used for the operation, protection, or control of a circuit or circuits 

See 5 740. 


82 


Reactor. A coil, winding or conductor, heretofore commonly 
known as a reactance coil or choke coil, possessing inductance 
the reactance of which is used for the operation, protection or con¬ 
trol of a circuit or circuits. See also §§ 214 and 736. 

Efficiency. The efficiency of an electrical machine or apparatus 
is the ratio of its useful output to its total input. 

84 ® aSe ® peed: .°* an Adjustable-Speed Motor.—That speed of the 

amat*elrMit Wlth fuU ^ fuU 1>jad with 110 resistor in the 


83 


c C “ cmt -—An electric circuit is a path in which an electrh 

circulator^ , S * ;rlc _ tly s P eakin g, an electric circuit is a complete 

desienatI 3 iroe h ’fi bUt -! he c term drCUit is commonl y employed t< 
Ple fnath k P T ff ° f a C ° mplete path ' When ** of a com 
S a coniuoto T . ’ SU ° h aS a branch circuit - a der ^ed circuit 
order to JSd2 v * of that P a ^ should be specified ir 
circvfit kTf. T dgUlty: e ‘ g " the circui t “-b-c. When the whol< 
circuit. n ' ed t0 ’ may be designated as a complete or closec 
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SYMBOLS AND ABBREVIATIONS 


TABLE I. 




Symbol for 


Abbreviation 

Name of Quantity. 

the Quantity. Unit. 

for the Unit. 

Electromotive force, abbre- 





viated e.m.f . 


E, e 

volt 

• « * • 

Potential difference, abbre- 





viated p.d . 

V, 

v or E t t 

11 

• • • * 

Voltage . 

E, 

e or V, v 

ii 

• • • • 

Current . 


/,* 

ampere 

* • * * 

Quantity of electricity. 


0.2 

f coulomb, 

1 

> * * * * 




\ ampere-hour 


Power. 


P, i> 

watt 

• • • « 

Electrostatic flux . 


* 

* * * # 

• + « * 

Electrostatic flux density. . 


D 

• • • * 

* • 9 • 

Electrostatic field intensity 


F 



Magnetic flux . 


0, <p 

maxwell 

• • * • 

Magnetic flux density . 


B, ffi 

gauss 

« • • * 




gilbert per 

gilbert per 

Magnetic field intensity. ... 


h, se. , 

centimeter 

cm. 




, or gausst 

» • • • 

Magnetomotive force, ab- 

1_* X J__ £ 


nr 

gilbert* 

4 * • * 


Intensity of magnetization. 

7 

«/ * • * * 

Susceptibility. 

K— J/H .... 

Permeability. 

H = B/H 

Resistance. 

R t r ohm 

Reactance. 

X, * 

Impedance. 

Z, * 

Conductance. 

g mho 

Susceptance. 

b 

Admittance. 

F, y 

Resistivity. 

p f Johm-centi 


ohm-cm 


meter 


fThe gauss is provisionally accepted for the present as the name of both the unit of 
field intensity and flux density, on the assumption that permeability is a simple numeric. 

♦An additional unit for m. m. f. is the “ampere-turn/' for flux the “line," for mag¬ 
netic flux-density "maxwells per sq. in." 

XNote. The numerical values of these quantities are ohms resistance and mhos con¬ 
ductance between two opposite faces of a cm. cube of the material in question, but the 
correct names are as given, not ohms and mhos per cm. cube, as commonly stated. 
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Conductivity. 

Dielectric constant 
Reluctance. 

Capacitance (Electrostatic £ 
capacity).. . 

Inductance (or coefficient 
of self induction). 

Mutual Inductance (or co- ) 
efficient of mutual induction) f 

Phase displacement. 

Frequency. 

Angular velocity. 

Velocity of rotation. 

Number of conductors or 
turns. .. 

Temperature. 

Energy, in general. 

Mechanical -work.... 

Efficiency. 

Length.. 

Mass...... 

Time. 


{mho per cen¬ 
timeter 


mho per 
cm * 


€ or k 
(R 


M 


farad 

henry 

henry 




Acceleration due to gravity 

Standard acceleration due to 
gravity (at about 45 deg. 
latitude and sea level) equals 
980.665t. 


9, <p < 

1 degree or 
t radian 

o 

/ cycle per second 


Ci> s 

radian per 

K • • « 

second 


n i 

revolution 

rev. per 

per second 

sec. 

N 

convolution 
or turns of wire 


t, t, e 

degree centi¬ 

C 


grade 


U or W joule, watt-hour 

• ■ * • 

W or A joule, watt-hour 

# • « * 


per cent 

• * • » 

l 

centimeter 

cm. 

tn 

gram 

g 

t 

second 

sec. 


centimeter 

cm. 

i 

per second 

per sec. > 

*— 

> per second 

per sec. 


centimeter 

A ^ 

cm .per 

io 

per second 

sec. 


k per second 

per sec. 


91 * t± a + d Pm Sh ° U , Id be used for maximum cyclic values, e, i anc 
P forThl? " alUeS ' £ and 1 for r - m ' s - values (see §10) anc 

Ltinction,T age V , 6 ° f thS P ° Wer ’ ° r the active P° wer - Thes. 
circuits In n*- ^ 0t neC6SSary ln dealin S w ith continuous-currenl 
face capites. ^ quantities be represented by bold. 


fSee note preceding page ' ' ~~ -----— 

sJec 

however, have shown that the most rdmKU i sea 0 leveL Later researcl 

but this dots not affect the ^dacd vaTu^vfn ^ 
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CLASSIFICATION OF MACHINERY 

100 The machinery under consideration in these rules may be classified 
in various ways, these various classifications overlapping or inter¬ 
locking in considerable degree. Briefly, they are Direct-Current 
or Alternating-Current, Rotating or Stationary. Under Rotating 
Apparatus there are two principal classifications: First, according 
to the function of the machines; Motors, Generators. Boosters, 
Motor-G-enerators, Dynamotors, Double-Current Generators, Con¬ 
verters and Phase Advancers; Second , according to the type of 
construction or principle of operation; Commutating, Synchronous, 
Induction, Unipolar, Rectifying. Obviously, some of these machines 
could be rationally included in either classification, e.g. t Motor-Gener¬ 
ators and Rectifying Machines. 

In the following, self-evident definitions have for the most part, 
been omitted. 

ROTATING MACHINES. 

FUNCTIONAL CLASSIFICATION OF ROTATING MACHINES. 

101 Generator. A machine which transforms mechanical power into 
electrical power. 

102 Motor. A machine which transforms electrical power into 
mechanical power. 

103 Booster. A generator inserted in series in a circuit to change 
its voltage. It may be driven by an electric motor (in which case 
it is termed a motor-booster) or otherwise. 

104 Motor-Generator Set. A transforming device consisting of a 
motor mechanically coupled to one or more generators. 

105 Dynamotor. A transforming device combining both motor 
and generator action in one magnetic field, either with two armatures, 
or with one armature having two separate windings and independent 
commutators. 

106 A Direct-Current Compensator or Balancer comprises two or 
more similar direct-current machines (usually with shunt or 
compound excitation) directly coupled to each other and connected in 
series across the outer conductors of a multiple-wire system of dis¬ 
tribution, for the purpose of maintaining the potentials of the in¬ 
termediate wires of the system, which are connected to the junction 
points between the machines. 

107 A Double-Current Generator supplies both direct and alternating 
currents from the same armature-winding. 

108 A Converter is a machine employing mechanical rotation in 
changing electrical energy from one form into another. There 
are several types of converters as follow; 
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109 A Direct-Current Converter converts from a direct 
current to a direct current, usually with a change of volt¬ 
age. Such a machine may be either a motor-generator set or a 
dynamotor. 

110 A Synchronous Converter (sometimes called a Rotary Con¬ 
verter) converts from an alternating to a direct current, 
or vice-versa. It is a synchronous machine with a single 
closed-coil armature winding, a commutator and slip rings. 

HI A Cascade Converter, also called a Motor Converter, 

is a combination of an induction motor with a synchron¬ 
ous converter, the secondary circuit of the former feeding 
directly into the armature of the latter; i.e. t it is a synchronous 
converter concatenated with an induction motor. 


A Frequency Converter converts the power of an alter¬ 
nating-current system from one frequency to another, with 
or without a change in the number of phases, or in the voltage. 

A Rotary Phase-Converter converts from an alter¬ 
nating-current system of one or more phases to an alter¬ 
nating-current system of a different number of phases, but 
of the same frequency. 


114 A Phase Advancer is a machine which supplies reactive volt- 
amperes to the system to which it is connected. Phase advancers 
may be either synchronous or asynchronous. 

**** A Synchronous Condenser or Synchronous Phase Advancer 

is a synchronous machine, running either idle or with load, the 
field excitation of which may be varied so as to modify the 

power-factor of the system, or through, such modification to 
influence the load voltage. 


CONSTRUCTIONAL CLASSIFICATION OF ROTATING MACHINES 
Commutating Machines 

^ Direct-Current Commutating Machines comprise a mag¬ 

netic field of constant polarity, an armature, and a com¬ 
mutator connected therewith. These include: Direct-Current 
enerators, Direct-Current Motors; Direct-Current Boosters; 
Direct-Current Motor-Generator Sets and Dynamotors; Di¬ 
rect-Current Compensators or Balancers; and Arc Machines. 

nlTTffrr' Commutatill g Machines comprise a 

mutatn 1C € °. ^ ternatH1 2 polarity, an armature, and com- 

mutator connected therewith. 

132 CO Serttrr C ; mmutating Machine * synchronous 

s, cascade-converters, and double-current venerators 

m Machj.es c„„p,Ue a 

sub-divided as follow: machine. They may be 


132 


133 
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134 An Alternator is a synchronous alternating-current genera¬ 
tor, either single-pha ~e or polyphase. 

135 A Polyphase Alternator is a polyphase synchronous alterna¬ 
ting-current generator, as distinguished from a single-phase 
alternator. 

136 An Inductor Alternator is an Alternator in which 
both field and armature windings are stationary, and in 
which masses of iron or inductors, by moving past the coils, 
alter the magnetic flux through them. It may be either 
single-phase or polyphase. 

137 A Synchronous Motor is a machine structurally identical 
with an alternator, but operated as a motor. 

138 Induction Machines include apparatus wherein primary and 
secondary windings rotate with respect to each other; i.e. t in¬ 
duction motors, induction generators, certain types of frequency 
converters and certain types of rotary phase-converters. 

139 An Induction Motor is an alternating-current motor, either 
singlephase or polyphase, comprising independent primary and 
secondary windings, one of which, usually the secondary, is 
on the rotating member. The secondary winding receives 
power from the primary by electromagnetic induction. 

140 An Induction Generator is a machine structurally identical 
with an induction motor, but driven above synchronous speed 
as an alternating-current generator. 

141 Unipolar or Acyclic Machines are direct-current machines, in 
which the voltage generated in the active conductors maintains 
the same direction with respect to those conductors. 

DEFINITIONS OF TERMS USED IN DESCRIBING ALTERNATING- . 

CURRENT COMMUTATOR MOTORS. 

142 It is not intended that the use of any one term will exclude, 
or render unnecessary, the use of any one or more of the other terms. 
Each term is intended to refer to a certain group of alternating- 
current commutator-motors. An alternating-current commutator 
motor logically may be classified under a number of different, but 
non-conflicting groups. 

Classification by Phases of Energy Supply: 

143 Single-Phase Commutator Motor.—A single-phase commutator 
motor is one that receives the whole of its energy from only one phase 
of an alternating-current supply system, without requiring external 
phase-converting apparatus. 

143a Polyphase Commutator Motor.—A polyphase commutator motor 
is one that receives its energy from a plurality of phases of an 
alternating-current supply system, or from a single-phase system 
through phase-converting apparatus external to the motor. 
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144 Classification by Speed Characteristics.—For convenience, alter¬ 
nating-current commutator motors may be classified with reference 
to their speed characteristics as (1) constant-speed motors, (2) multi¬ 
speed motors, (3) adjustable-speed motors, and (4) varying-speed 
motors. Definitions of these terms as given in §§151 to 164 for 
motors in general, should be adopted for alternating-current com¬ 
mutator motors, in so far as they are applicable. 


Classification by Excitation: 

145 Stator-Excited Commutator Motor.—A stator-excited commu¬ 
tator motor is one in which the torque-producing field* is due to a 
current in a winding located on the stator. 

146a Rotor-Excited Commutator Motor.—A rotor-excited commutator 
motor is one in which the torque-producing field* is due to a current 
in a winding located on the rotor. 

145b Stator-and Rotor-Excited Commutator Motor.—A stator- and 
rotor-excited commutator motor is one in which the torque-pro¬ 
ducing field* is due to currents in windings located on the stator and 
on the rotor. 

145c Constant-Field Commutator Motor.—A constant-field ' commu¬ 
tator motor is one in which the torque-producing field* remains 
practically constant, independent of the load. 

Alternating-current commutator motors of this class will in general 
have load-speed characteristics similar to those of the direct-current 
shunt motor, but not all alternating-current commutator motors 
having such load-speed characteristics are constant-field machines. 

145d Varying-Field Commutator Motor.—A varying-field commutator 
motor is one in which the torque-producing field* varies in some pro¬ 
portion with the current in the armature (which latter is generally 
the rotor). 

Such a motor will in general have load-speed characteristics similar 
to those of the direct-current series motor. 


Classification by Neutralization and Compensation: 

146 Neutralized Commutator Motor.—A neutralized commutator 
motor is one in which use is made of a winding for producing a 
magnetizing force which at each instant and at each point in the air- 
gap under the pole face is practically equal and opposite to the 
magnetizing force due to the armature current. 

146a Compensated Commutator Motor.—A compensated commutator 
motor is one in which means, other than a neutralizing winding, 
are provided within the motor for improving the power-factor. 

Classification by Energy Reception: 


147 Conduction Commutator Motor.—A conduction commutator 
motor is one in which the working energyf is supplied to only one 
of the members, and is conveyed to it by conduction. 


" inteaded t0 describe that oomponent of the mag- 
fSee note next page. * ^ *** C0mp0nent of ourrent . produces the torque of the motor. 
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147a Transformer Commutator Motor.—A transformer commutator 
motor is one in which the working energyf is transmitted from one 
member to the other by transformer action. 

A motor in which the energy required by its armature (which is 
generally the rotor) is conveyed to it by electromagnetic induction 
or transformer action, may properly be referred to either as an 
"induction motor" or as a "transformer motor". Although it is 
equally applicable to a motor having a commutator, the term "in¬ 
duction motor" is usually applied to a motor without a commutator. 
The term "transformer commutator motor" is therefore recom¬ 
mended for use with motors of the induction, or transformer type, 
having commutators. 

147b Transformer-Conduction Commutator Motor.—A transformer- 
conduction commutator motor is one in which the energy required 
by its armature (which is generally the rotor) is conveyed to it by 
both conduction and electromagnetic induction. 

147c Repulsion Commutator Motor.—A repulsion commutator motor 
is a transformer commutator motor in which use is made of brushes 
for short-circuiting a number of coils of the commutated winding. 

SPEED CLASSIFICATION OF MOTORS. 

160 Motors may, for convenience, be classified with reference to their 
speed characteristics as follow: 

161 Constant-Speed Motors, whose speed is either constant 
or does not materially vary; such as synchronous motors, in¬ 
duction motors with small slip, and ordinary direct-current 
shunt motors. 

162 Multispeed Motor (Change Speed Motor).—A multispeed motor 
(change speed motor) is a motor which can be operated at any one 
of several distinct speeds (these speeds being practically independent 
of the load), but which cannot be operated at intermediate speeds. 

163 Adjustable-Speed Motors, in which the speed can be varied 
gradually over a considerable range, but when once adjusted 
remains practically unaffected by the load; such as shunt 
motors designed for a considerable range of speed variation. 

164 Varying-Speed Motors, or motors in which the speed 
varies with the load, ordinarily decreasing when the load 
increases; such as series motors, compound-wound motors, 
and series-shunt motors. As a sub-class of varying-speed 
motors, may be cited, adjustable, varying-speed motors, or 
motors in which the speed can be varied over a considerable 
range at any given load, but when once adjusted, varies with 
the load; such as compound-wound motors arranged for 
adjustment of speed by varying the strength of the shunt field. 

tThe term "working energy” is intended to describe the energy which is directly converted 

into mechanical energy, and which includes the shaft energy output plus core losses and 

friction. 
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CLASSIFICATION OF ROTATING MACHINES RELATIVE 
TO THE DEGREE OF ENCLOSURE 

160 The following types are recognized: 

Open 

Protected 

Semi-enclosed 

Enclosed 

Separately ventilated 

Water-cooled 

Self-ventilated 

Drip-proof 

Moisture-resisting 

Submersible 

Explosion-proof 

Explosion-proof slip-ring enclosure 

An “open” machine is of either the pedestal-bearing or end- 
bracket type where there is no restriction to ventilation, other 
than that necessitated by good mechanical construction. 

A “protected” machine is one in which the armature, field 
coils, and other live parts are protected mechanically from acci¬ 
dental or careless contact, while free ventilation is not materially 
obstructed. 

A “semi-enclosed” machine is one in which the ventilating 
openings in the frame are protected with wire screen, expanded metal, 
or other suitable perforated covers, having apertures not exceeding 
t of a square inch (3.2 sq. cm.) in area. 

* « , • m . , is one so enclosed as to prevent 

circulation of air between the inside and the outside of the case, but 
not sufficiently to be termed 1 ‘air-tight." 

.A, se P ara * e ^y ventilated ” machine has its ventilating air sup¬ 
plied by an independent fan or blower external to the machine. 


161 


162 


163 


166 


166 


167 


oi^T^” machine is one which mainly depends on water 
circulation for the removal of its heat. 

machine^nffi 611 ^ 1 ^^ • ma . c '* line d ^ ers from a separately ventilated 

blower or Z Zf , lts ventilating air circulated by a fan, 

Tf th k fT fugal deV1C ® lntegral wit h the machine. 

thrrm k heated air expelled from the machine is conveyed away 
trough a pipe ...ached lo tte „ >cW „, lkouU b , ? so / 

falHnp- f r0 °^ mac ^ ne is one so protected as to exclude 

fcSl,; »**■» ~y be "th.r 

integral with rte'mS 'or ', 1 f’ rotpct ' on 
falling solid or liquid material! “ t0 6XClude effectivel y 

171 ma^Hne e ifw^the°eLcr CWne ( ° r “ flame -P roof ” machine) is a 
any explosion of gas that may occ!^ w>k without injury, 
the flame to any inflammable gas outsideTt ’ ^ ^ tranSmit - 



STANDARDIZATION RULES OF THE A. I. E. E. 


1767 


172 A machine in which slip rings and brushes alone are included 
within an explosion-proof case should not be described as an explo¬ 
sion proof machine, but as a machine "with explosion-proof slip-ring 
enclosure.” 

STATIONARY INDUCTION APPARATUS 

200 Stationary Induction Apparatus changes electric energy to electric 

energy, through the medium of magnetic energy, without mechanical 

motion. It comprises several forms, distinguished as follow: 

* 

201 Transformers, in which the primary and secondary windings are 
ordinarily* insulated one from another. 

202 The terms “high-voltage” and “low-voltage” are used to dis¬ 
tinguish the winding having the greater from that having the 
lesser number of turns. The terms “ primary ” and “ sec¬ 
ondary ” serve to distinguish the windings in regard to energy 
flow, the primary being that which receives the energy from the 
supply circuit, and the secondary that which receives the en¬ 
ergy by induction from the primary. 

203 The rated current of a constant-potential transformer is 

that secondary current which, multiplied by the rated-load 
secondary voltage, gives the kv-a. rated output. That is, 
a transformer of given kv-a. rating must be capable of de¬ 
livering the rated output at rated secondary voltage, while 
the primary impressed voltage is increased to whatever value 
is necessary to give rated secondary voltage. 

The Rated Primary Voltage of a constant-potential trans¬ 
former is the rated secondary voltage multiplied by the turn 
ratio. 

204 The ratio of a transformer, unless otherwise specified, shall 
be the ratio of the number of turns in the high-voltage wind¬ 
ing to that in the low-voltage winding; i.e., the “ turn-ratio ” 

206 The voltage ratio of a transformer is the ratio of the r.m.s. 

primary terminal voltage to the r.m.s. secondary terminal 
voltage, under specified conditions of load. 

206 The “ current ratio ” of a current-transformer is the ratio of 
r.m.s. primary current to r.m.s. secondary current, under speci¬ 
fied conditions of load. 

207 The “ marked ratio ” of an instrument transformer is the 
ratio which the apparatus is designed to give under aver¬ 
age conditions of use. When a precise ratio is required, it 
is necessary to specify the voltage, frequency, load and power 
factor of the load. 

208 Volt-Ampere Ratio of Transformers. 

The volt-ampere ratio, which should not be confused with 
real efficiency, is the ratio of the volt-ampere output to the 
volt-ampere input of a transformer, at any given power factor. 

209 Auto-transformers have a part of their turns common to both pri* 
qiary and secondary circuits, 
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210 Voltage Regulators have turns in shunt and turns in series with the 
circuit, so arranged that the voltage ratio of the transformation 
or the phase relation between the circuit-voltages is variable at will. 
They are of the following three classes: 

211 Contact Voltage Regulators, in which the number of turns 
in one or both of the coils is adjustable. 

212 Induction Voltage Regulators,in which the relative positions 
of the primary and secondary coils are adjustable. 

213 Magneto Voltage Regulators, in which the direction of the 
magnetic flux with respect to the coils is adjustable. 

214 Reactors, heretofore commonly called Reactance Coils, also called 
Choke Coils; a form of stationary induction apparatus used to supply 
reactance or to produce phase displacement. See also § §82 and 736. 
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METERS AND INSTRUMENTS 

225 Although the terms Instruments and Meters are frequently used 
synonymously in referring to electrical measuring devices, the meter 
departments of manufacturing and operating companies commonly 
use the word “meters’' in the collective sense to designate only those 
devices which register the total energy or quantity of electricity 
consumed in or supplied to a circuit, and reserve the term “instru¬ 
ments,” in the collective sense, for all other electrical measuring or 
indicating devices. 

226 In general, the names of meters and instruments are self-defining, 
particularly when considered in connection with existing definitions. 
The following terms are preferred to other terms sometimes used for 
the same devices: Reactive-Factor Meter, Power-Factor Meter, 
Watt-hour Meter, etc. 

227 Crest Voltmeter. A voltmeter depending for its indications 
upon the crest, that is the maximum value of the voltage of the system 
to which it is connected. These instruments are so calibrated that 
they indicate the r. m. s. value of the sinusoidal voltage having the 
same crest value. 

228 Synchronoscope (also called a Synchroscope or Synchronism 
Indicator). A device which in addition to indicating synchronism 
between two machines, shows whether the speed of the incoming 
machine is fast or slow. 

229 Reactive-Volt-Ammeter (also called a Reactive-Volt-Ampere 
Indicator). An instrument which indicates the reactive volt- 
amperes of the circuit to which it is connected. 

230 Line Drop Voltmeter Compensator. A device used in connection 
with a voltmeter which causes it to indicate the voltage at some 
distant point of the circuit. 

231 Recording Ammeters, Voltmeters, Wattmeters, etc., are instru¬ 
ments which record graphically upon time-charts the values of the 
quantities they measure. 

232 A Demand Meter is a device which indicates or records the demand 
or maximum demand (See §§57 and 58). In practice two types are 
recognized: 

233 An Integrated-Demand Meter is one which indicates or 
records the maximum demand obtained through integration. 

234 A Lagged-Demand Meter is one in which the indication of 
maximum demand is subject to a characteristic time lag. 

235 Errors of Indicating Instruments. In specifying the accuracy of 
an indicating instrument, the error at any point on the scale shall 
be expressed as a percentage of the full scale reading. 

236 Torque of meters and instruments shall be expressed in milli¬ 
meter-grams. 
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237 Period of an Instrument.—The period of an instrument, some¬ 
times called the “periodic time,” is the time taken for the pointer 
to make one complete oscillation (two consecutive swings). A swing 
is a complete movement in either direction. 

In strongly damped instruments, the period is influenced by the 
amplitude of the movement. 

238 Damping.—The damping of an instrument shall be expressed in 
terms of the following quantities, all three of which are essential to a 
complete description of the behavior: 

a. The number of swings taken by the pointer in coming to rest. 

b. The time, in seconds, required for the pointer to come to rest. 

c. The overshooting, in per cent of the angular displacement 

due to the disturbance. 

These quantities shall be measured by suddenly applying and 
maintaining a load which will give a steady deflection of one-half full 
angular scale. The pointer shall be at zero when the load is applied. 

239 Rating Limitation of the Circuits in Meters and Instruments.— 

The rating of any circuit in a meter or instrument shall be no greater 
than that corresponding to the load to which it may be continuously 
subjected. 

The full scale marking of an instrument does not necessarily 
correspond to its rating. Where the rating differs from the full scale 
marking, the rating shall be marked on the instrument. 

240 Standard Temperature of Reference for Meter and Instrument 
Characteristics.—The standard temperature of reference for meter 
and instrument characteristics shall be 20° C. For purposes of rating, 
the standard ambient temperature shall be 40 °C. 

241 Temperature Rise and Ultimate Temperature of Shunts.—Shunts 
shall be so rated that the rise of temperature at the hottest spot 
shall not be greater than 80 C., and their use so restricted that the 
ultimate temperature (hottest spot) shall not exceed 120°C. 

Exception is made of shunts having no soldered joint and made of 
material which is not permanently changed in resistance if con¬ 
tinuously subjected to higher temperature. Hottest spot tempera¬ 
ture should be measured in such a manner as not to cause undue 
local rise of temperature. 

243 Marking of Switchboard Shunts.—Marking of switchboard shunts 
shall include the rating in amperes, the drop in volts at that rating, 
and, if the shunt is calibrated in connection with a particular instru¬ 
ment, the serial number of such instrument. 

When shunts are designed to be used with devices taking sufficient 
current to be an appreciable portion of the whole, this fact shall 
e indicated. For example, a 100-ampere device having a drop of 
0.050 volts, will have its shunt marked: 

Volts 0.050 
Amperes 100—10, 

indicating that with 90 amperes in the shunt and 10 amperes in the 
measuring circuit, the drop across the shunt will be 0.050 volts. 
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244 Grounding of Meters and Instruments.—To avoid errors due 
to electrostatic action, the covers of meters and instruments which 
are used with current and potential transformers shall be con¬ 
nected to the secondary circuits of the transformers and grounded. 


INSTRUMENT TRANSFORMERS 
See §§741 to 744. 
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STANDARDS FOR ELECTRICAL MACHINERY 

The expressions machinery ” and 11 machines ” are here employed 
in a general sense, in order to obviate the constant repetition of the words 
“ machinery or induction apparatus ” 

All temperatures are to be understood as centigrade. 

,. expression capacity ” is to be understood as indicating 11 capa¬ 
bility ,except where specifically qualified, as, for instance, in the case 
of allusions to electrostatic capacity, i. e., capacitance. 

Wherever special rules are given for any particular type of machinery 
or apparatus (.such as switches, railway motors , railway substation 
mac mery , etc., these special rules shall be followed, notwithstanding 
any apparent conflict with the provisions of the more general sections. 
In the absence of special rules on any particular point, the general 
rules on this point shall be followed. 

Objects of Standardization. To ensure satisfactory results, 
electrical machinery should be specified to conform to the Institute. 
Standardization Ruies.m order that it shall comply, in operation, 

Tre applfcabYe lllMtatl ° nS in the foIk)win g respects, so far as they 

Operating temperature 
Mechanical strength 
Commutation 
Dielectric strength 
Insulation resistance 
Efficiency 
Power factor 
Wave shape 
Regulation 

.. C X17 “ l"“* bU »' *» Machine. 8a far 

institute defines thfcloarit ° f f Standardiaa tion Rules, the 

.hieh it is - • da >«0 

Without exceeding in any respect the tlme (^continuously). 

Except where otherwise specified th ^ S6t forth - 

machine shall be expressed in te ’ he . capaci *y of an electrical 

exceptions see §§277 and 802 rr ns o its available output. For 

Rating of an Electrical Machine r> 

guished from Rating. TheRatfn^nT; T y Sh ° Uld be distin ' 

°n the Rating Plate and shell h k machine ls th e output marked 

the maximum* load which can be^akeTfro ““th^ ShaU not ejcceed - 
scribed conditions of test This is altn T i h ®. machine “der P«- 

the rated output. 

commutation, or similar tests. ^ DOt ref ® r t0 Ioads appIied solely for me chanica l 
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263 The Principle upon which Machine Ratings are based, so far as 
relates to thermal characteristics, is that the rated load, applied 
continuously or for a stated period, shall produce a temperature 
rise which, superimposed upon a standard ambient temperature, 
will not exceed the maximum safe operating temperature of the 
insulation. 

264 A. I. E. E. and I. E. C. Ratings. When the prescribed conditions 
of test are those of the A. I. E. E. Standardization Rules, the rating 
of the machine is the Institute. Rating. (See. §620). When the 
prescribed conditions of the test are those of the I. E. C.f Rules, 
the rating of the machine is the I. E. C. rating. A machine so rated 
in either case may bear a distinctive sign upon its rating plate. 

266 Standard Temperature and Barometric Pressure for Institute Ra¬ 
ting. The Institute Rating (See §262) of a machine*shall be its ca¬ 
pacity when operating with a cooling medium of the ambient tem¬ 
perature of reference (40° for air or 25° for water, see §§306 and 
309) and with barometric conditions within the range given in §308. 
See §§306A, 307, 320 and 321. 

266 The Temperature Rises Specified in these Rules apply to all 
ambient temperatures up to and including, but not exceeding, 40°C. 
for air and 25"C. for water. (For definition of ambient temperature 
see §303.) 

267 Any Machinery Destined for Use with Higher Ambient tempera¬ 
tures of cooling mediums, and also any machinery for operation 
at altitudes for which no provision is made in §308, should be 
the subject of special guarantee by the manufacturer. The methods 
of test and performance set forth in these Rules will, however, 
afford guidance in such cases. 

UNITS IN WHICH RATING SHALL BE EXPRESSED 

274 The rating of Direct-Current Generators, shall be expressed in 
kilowatts (kw.) available at the terminals at a specified voltage. 

276 The rating of Alternators and Transformers, shall be expressed 
in kilovolt-amperes (kv-a.) available at the output terminals, at a 
specified voltage and power factor. 

276 It is strongly recommended that the rating of motors shall 
be expressed in kilowatts* (kw.) available at the shaft. (An ex- 

fl.E.C. stands for “International Electrotechnical Commission This rating has 
not yet been established. 

* Since the input of machinery of this class is measured in electrical units and since 
the output has a definite relation to the input, it is logical and desirable to measure 
the delivered power in the same units as are employed for the received power. There¬ 
fore, the output of motors should be expressed in kilowatts instead of in horse power. 
However, on account of the hitherto prevailing practice of expressing mechanical 
output in horse power, it is recommended that for machinery of this class the rating 
should, for the present, be expressed both in kilowatts and in horse power; as follows: 

kw.-—approx, equiv. h.p.—- 

For the purposes of these Rules the horse-power shall be taken as 746.0 watts. 

In order to lay stress upon the preferred future basis, it is desirable that on Rating 
plates, the Rating in kilowatts shall be shown in larger and more prominent charac¬ 
ters than the rating in horse power. 
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ception to this rule is made in the case of Railway motors, which, 
for some purposes, are also rated by their input , see §802.) 

Auxiliary machinery, such as regulators, resistors, reactors, 
balancer sets, stationary and synchronous condensers, etc., shall 
have their ratings appropriately expressed. It is essential to 
specify also the voltage (and frequency, if a-c.,), of the circuits on 
which the machinery may appropriately be used. 

KINDS OF RATING 

There are various kinds of rating such as: 

Continuous Rating. A machine rated for continuous service 
shall be able to operate continuously at its rated output, without ex¬ 
ceeding any of the limitations referred to in §260. 

Short-Time Rating. A machine rated for short-time service; 
(*.a. service including runs alternating with stop^ of sufficient 
duration to ensure substantial cooling), shall be able to operate at its 
rated output during a limited period, to be specified in each case, 
without exceeding any of the limitations referred to in §260. Such 
a rating is a short-time rating. 

Nominal Ratings. For railway motors and sometimes for railway 

S S U S 7 fif 10 ^ “* Ch “r y ’. Certain no “inal ratings are employed. See 
an ominal ratings for automobile propulsion motors 

and generators are not recommended; see §837. 

Operation ' Man >' machines are operated on a cycle of 

noses nf 1Ch f rePea i! ltS6lf With more or less regularity. For pur¬ 
load mavV^TT^ a contmuous °r a short-time equivalent 

the therm l 6 S ® Ie ° ted - whl °h shall simulate as nearly as possible 
the thermal conditions of the actual duty cycle. 

tandard durations of equivalent tests shall be for machines 

operating under specified duty-cycles as follow (see also §836)- 
5 minutes * ' 

10 « 

15 

30 « 

60 « 

120 « 

and continuous. 

duty SeleCted aS bdng th6r ' 

is adopted, and^e^therm°rt-time rating of 10 minutes duration 

Period then such a ma load is 25 ^at 

rating of 25 kw. sha 1 be stated to have a 10-minute 

only wlTthnwin^Lralr 1 ^ Sh ° rt - time test commence 

5=C of the ambient femlrat ure a r t r7 S ° f macWne are within 
In the absence o2! “ tim£ ° f Startin ^ the test ‘ 
continuous rating shall be'undtrsto od.^ 3 ^ thS kin<3 ° f rating ’ the 

in the ab - 

and 415 i foftU be unde° re t t^d kind ° f rating ’ thC " DOmiml ' as defined' 
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288 Machines marked in accordance with §264 shall be understood to 
have a continuous rating, unless otherwise marked in accordance with 

§285 

HEATING AND TEMPERATURE 

300 Temperature Limitations of the Capacity of Electrical Machinery. 

The capacity, so far as relates to temperature, is usually limited by 
the maximum temperature at which the materials in the machine, espec¬ 
ially those employed for insulation, may be operated for long periods 
without deterioration. When the safe limits are exceeded, deteriora¬ 
tion is rapid. The insulating material becomes permanently damaged 
by excessive temperature, the damage increasing with the length 
of time that the excessive temperature is maintained, and with 
the amount of excess temperature, until finally the insulation breaks 

down. 

301 The result of operating at temperatures in excess of the safe limit 
is to shorten the life of the insulating material. This shortening 
of life is, in certain special cases, warranted, when necessary for 
obtaining some other desirable result, as, for example, in some in¬ 
stances of railway and other motors for propelling vehicles, 
in providing greater power within a limited space. See §804. 
The design of coils used in control and switching apparatus, such as 
contactors, controllers, induction starters, and in other operating 
mechanisms as arc lamps, magnet windings, etc., is such that the 
effect of higher temperature in the coils is less serious owing to the 
fact that these devices usually have shorter life than electrical 
machinery in general. Consequently, higher temperatures for the 
windings are recommended, in accordance with §717a. 

302 There does not appear to be any advantage in operating at lower 
temperatures than the safe limits, so far as the life of the insulation 
is concerned. Insulation may break down from various causes, 
and when these breakdowns occur, it is not usually due to. the 
temperature at which the insulation has been operated, provided 
the safe limits have not been exceeded. 

303 The Ambient Temperature is the temperature of the air or water 
which, coming into contact with the heated parts of a machine, 
carries off its heat. See §§309, 310 and 314. 

304 The cooling fluid may either be led to the machine through ducts, 
ox through pipes, or merely surround the machine freely. In the 
former case the ambient temperature is to be measured at the intake 
of the machine itself. In the latter case see §314. 

306 Ambient Temperature of Reference for Air. The standard 
ambient temperature of reference, when the cooling medium is air, 

shall be 40°C. 

305A. Whatever may be the Ambient Temperature when the machine 
is in service, the limits of the maximum observable temperature or 
of temperature rise specified in the rules should not be exceeded, in 
service; for, if the maximum temperature be exceeded, the insulation 
may be endangered, and if the rise be exceeded, the excess load may 
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lead to injury, by exceeding limits other than those of temperature; 
such as commutation, stalling load and mechanical strength. For 
similar reasons, loads in excess of the rating should not be taken 
from a machine. 

The permissible r.ses in temperature given in column 2 of 
table III page 38 have been calculated on the basis of the standard 
ambient temperature of reference, by subtracting 40° from the 
highest temperatures permissible, which are given in column 1 of 
the same table. ' 

A machine may be tested at any convenient ambient temper- 
ature, preferably not below 10°C., but whatever be the value of this 
ambient temperature, the permissible rises of temperature must not 
exceed those given in column 2 of table III page 38. 

Altitude. Increased altitude has the effect of increasing the tem¬ 
perature rise of some types of machinery. In the absence of in¬ 
formation m regard to the height above sea level at which a machine 
is intended to work m ordinary service, this height is assumed not 
to exceed 1000peters (3300 feet.) For machinery operating at an 
altitude of 1000 meters or less, a test at any altitude less than 1000 

f SatlSf ? t0ry ' a „ nd n0 correction shall be applied to the ob- 

Machines intended for operation at higher 
altitudes shall be regarded as special. See §267. It is recommended 

me a ter?(330 a 0 TfT * forservice at altitudes above 1000 

m n 2! a ; ^ P e / misslble temperature rise at sea level, until 

ore nearly accurate information is available, shall be reduced bv 

'zr h ■» (3so *■> * " h “ h «»*'«•■<>« «- 

SeTctioT W “ e "«' are erenrp, „ om 

»« Water-Cooled Machinery. 

for incoming cn ^ macbmery ' the standard temperature of reference 

Jar* b> “• C ' ■—<— « .h, intake 

take iMo ac^Ahe swountkne* 1 ^ 115 , 0 ™ 16 ”’ * nl>t necessar J r to 
cooling effect of the air k l - d ° temperature, except where the 

eject,'r rf Stth,“ J « ”»« « «» >« cooling 

25°C. for water and40°r f n tem P era tnre of reference of 

« 15 per liToT "re .? hTto^h ‘ b '*«««of the coo.ing air 
"*« *«» be maintained Sn the cooling 

Where this is impractical th+ a k* 4 .^* t ^ le surr °unding air. 
termined from the change in th m ie * n tem P erature should be de- 
a disconnected transformer, supplied "with 6 tf ^ Wiadings - usin 2 

cooling water, until the temperature of^.f®. n °f mal amoui t t ° f 
constant. P re t ^ le endings has become 

a conventional weighted^mean'b C ° ded , by f ° rCed drau S ht . 

four being given to the temperature of^™? 103 ^' 3, 3 - Weight of 
through ducts (see §304) and a toa* ^ clrcu ^ atm g air supplied 

». In the case 

srormers, see exception ” §321. 
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312 Machines Cooled by Other Means. Machines cooled by means 
other than air or water shall receive special consideration. 

313 Outdoor Machinery Exposed to Sun’s Rays. Outdoor machinery 
not protected from the sun’s rays at times of heavy load, shall 
receive special consideration 

314 Measurement of the Ambient Temperature During Tests of Ma¬ 
chinery. The ambient temperature is to be measured by means of sev¬ 
eral thermometers placed at diffe ent points around and half-way up 
the machine, at a distance of 1 to 2 meters (3 to 6 feet), and protected 
from drafts, and abnormal heat radiation, preferably as in §316. 

316 The value to be adopted for the ambient temperature during a test, 
is the mean of the readings of the thermometers (placed as above), 
taken at equal intervals of time during the last quarter of the duration 
of the test. 

316 Inorder to avoid errors due to the time lag between the temperature 
of large machines and the variations in the ambient air, all reasonable 
precautions must be taken to reduce these variations and the errors 
arising therefrom. Thus, the thermometer for determining the 
ambient temperature shall be immersed in a suitable liquid, such as 
oil, in a suitable heavy metal cup. This can be made to respond to 
various rates of change, by proportioning the amount of oil to themetal 
in the containing cup. A convenient form for such an oil-cup consists 
of a massive metal cylinder, with a hole drilled partly through it. 
This hole is filled with oil and the thermometer is placed therein with 
its bulb well immersed. The larger the machine under test, the 
larger should be the metal cylinder employed as an oil-cup in the 
determination of the ambient temperature. The smallest size 
of oil cup employed in any case shall consist of a metal cylinder 
25 mm. in diameter and 50 mm. high (1 in. in diameter and 2 in. 
high). 

317 Thermometers used for taking temperatures of Machinery 

shall be covered by felt pads 3 mm. (| inch) thick and^4 x 5 cm. 
wide (1J "x 2"), cemented on; oil putty may be used for stationary 
and small apparatus. 

318 In Transformer Testing, and sometimes in testing other machines, 
it may be desirable to avoid errors due to time lag in tempera¬ 
ture changes, by employing an idle unit of the same size and subjected 
to the same conditions of cooling as the unit under test, for obtaining 
the ambient temperature as described in §310, 

313 Where machines are partly below the floor line in pits, the tempera¬ 
ture of the rotor shall be referred to a weighted mean of the pit 
and room temperatures, the weight of each being based on the rela¬ 
tive proportions of the rotor in and above the pit. Parts of the stator 
constantly in the pit shall be referred to the ambient temperature in 
the pit. 

320 Correction for the Deviation of the Ambient Temperature of 
the Cooling Medium, at the Time of the Heat Test, from the Stand¬ 
ard Ambient Temperature of Reference. Numerous experiments 
have shown that deviation of the temperature of the cooling medium 



1778 STANDARDIZATION RULES OF THE A. I. E. E. 


from that of the standard of reference, at the time of the heat run, 
has a negligible effect upon the temperature rise of the apparatus; 
therefore, no correction shall be applied for this deviation. It is, 
however, desirable that tests should be conducted at ambient tem¬ 
peratures not lower than 10°C. 


321 Exception —A Correction shall be applied to the observed tem¬ 
perature rise of the windings of Air-blast transformers , due to dif¬ 
ference in resistance, when the temperature of the ingoing cooling 
air differs from that of the standard of reference. This correction 
shall be the ratio of the inferred absolute ambient temperature of 
reference to the inferred absolute temperature of the ingoing cool¬ 
ing air, i. e. the ratio 274.5/(234.5 -f- t ); where / is the ingoing cooling- 
air temperature. 

Thus, a cooling-air room temperature of 30°C. would correspond to 
an inferred absolute temperature of 264.5° on the scale of copper re¬ 
sistivity, and the correction to 40°C. (274.5° inferred absolute tem¬ 
perature) would be 274.5 / 264.5 — 1.04, making the correction 
factor 1.04; so that an observed temperature rise of say 50°C. at the 
testing ambient temperature of 30°C. would be corrected to 50 X 
1.04 = 52°C. this being the temperature rise which would have oc¬ 
curred had the test been made with the standard ingoing cooking- 
air temperature of 40°C. 

322 Duration of Temperature Test of Machine for Continuous Ser- • 
vice. The temperature test shall be continued until sufficient evi¬ 
dence is available to show that the maximum temperature and 
temperature rise would not exceed the requirements of the rules, 
if the test were prolonged until a steady final temperature was 
reached. 


»23 Duration of Temperature Test of Machine with a Short-Time 
Rating. The duration of the temperature test of a machine with 

% Sh -£r rating sha11 be the time required by the rating. 
(See §§285 and 286). 

324 Duration of Temperature Test for Machine having more than 
One Rating. The duration of the temperature test for a machine 
with more than one rating shall be the time required by that rating 
which produces the greatest temperature rise. In cases where this 
cannot be determined beforehand, the machine shall be tested 
separately under each rating 

325 measurement*" 6 ** eaSUrenlents Heat Run. Temperature 

weh as whl “ P l ' $ha11 be taken during °P er ation, as 
ohlZt fl l “ aChme is Stp PP ed ’ Tbe highest figures thus 
period h/theJT ad f °f ted- In 0rder t0 bridge the long heating 

reTt durint th. r ^ ““h 65 ’ reasonable overloads of cur 
rent, dunng the preliminary period, are suggested for them. 
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341 The Temperatures in the Different Parts of a Machine which it 
would be desirable to ascertain, are the maximum temperatures 
reached in those parts. 

343 As it is Usually Impossible to Determine the Maximum Temperature 
attained in insulated windings, it is convenient to apply a correction 
to the observable temperature, which approximates the difference be¬ 
tween the actual maximum temperature and the observable tempera¬ 
ture by the method used. This correction, or margin of security, is 
provided to cover the errors due to fallibility in the location of the 
measuring devices, as well as inherent inaccuracies in measurement 
and methods. 

344 In Determining the Temperature of Different Parts of a Machine 
three methods are provided. 

345 Method No 1. Thermometer Method. 

This method consists in the determination of the temperature, 
by mercury or alcohol thermometers, by resistance thermometers, 
or by thermocouples, any of these instruments being applied to the 
hottest accessible part of the completed machine, as distinguished from 
the thermocouples or resistance coils embedded in the machine as 
described under Method No. 3. 

346 When Method No. 1 is Used, the hottest-spot temperature for 
windings shall be estimated by adding a hottest-spot correction of 
15°C to the highest temperature observed, in order to allow for the 
practical impossibility of locating any of the thermometers at the hot¬ 
test spot. 

347 „ Exception . When the thermometers are applied directly to 

the surfaces of bare windings, such as an edgewise strip conductor, 
or a cast copper winding, a hottest-spot correction of 5°C , instead of 
15°C, shall be made. For commutators, collector rings, bare metallic 
surfaces not forming part of a winding, or for oil in which apparatus 
is immersed, no correction is to be applied. 

348 Method No. 2. Resistance Method. 

This method consists in the measurement of the temperature of 
windings by their increase in resistance, corrected* to the instant of 

♦Whenever a sufficient time has elapsed between the instant of shut-down and 
the time of the final temperature measurement to permit the temperature to fall, 
suitable corrections shall be applied, so as to obtain as nearly as practicable the 
temperature at the instant of shut-down. This can sometimes be approximately 
effected by plotting a curve, with temperature readings as ordinates and times as 
abscissas, and extrapolating back to the instant of shut-down. In other instances, 
acceptable correction factors can be applied. In transformers of 200 kv-a. and less 
the measured temperature shall be increased one degree for every minute between 
the instant of shut-down and the time of the final temperature measurement, pro¬ 
vided this time does not exceed three minutes. 

In cases where successive measurements show increasing temperatures after shut¬ 
down, the highest value shall be taken. 

In testing air blast transformers the air supply should be shut off immediately 
at the end of the heat run and the air duct closed to prevent a further circulation 
of air. In checking the temperature ascertained by the Resistance Method, the 
reading of all the thermometers in contact with coils should be noted carefully and 
the maximum temperature reached by any of them, if higher than that determined 
by resistance, should be taken as the maximum observable temperature of the wind¬ 
ings. When the above procedure has been followed, a hottest spot correction of 
5° shall be applied. 
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349 


350 


" necessar y- In the application of this method, 

Z-Z,Ta- meas Z emmtS shal1 also be made whenever practicable 
J? m dlS f e * g the machinef in order to increase the 
P a i i y of revealing the highest observable temperature. Which- 

shall f leaS J lrement y^ e Ms the higher temperature, that temperature 

testin' J ;ake ” ! S ^ ^ SheSt observable " temperature and a hot¬ 
test-spot correction of 10°C added thereto. 

for^JT^f! Coefflcient of Copper shall be deduced from the 
mula 1/(234.5 + t). Thus, at an initial temperature t = 40°C., 

6 ,. em P era ture co-efiicient of increase in resistance per degree 
centigrade rise is 1/(274.5) = 0.00364. The following table, 
deduced from the formula, is given for convenience of reference. 

TABLE II. 

Temperature Coefficients of Copper Resistance. 


Temperature oi the 
winding, in degrees C. 
at which the initial re¬ 
sistance is measured. 

Increase in resis¬ 
tance of copper 
per °C., per ohm 
of initial resistance. 

0 

0.00 427 

5 

0.00 418 

10 

0.00 409 

15 

0.00 401 

20 

0.00 393 

25 

0.00 385 

30 

0.00 378 

35 

0.00 371 

40 

0.00 364 


351 


352 


(see $351)'wh* L ° W Resi ® tance > °ther than transformer windings 
the tSfl ’ * JOm * and connec tions form a considerable part of 

ance by ^ 

*» ■» 

«P«dUy taporfM 

air outlet. See §348. ^ermometers on the coils near the 

Thhfmetho/’ Embedded Temperature-D elector Method, 
this method consists m the use of thermo-counles nr r»=i= 

tance temperature detectors, located as nearly as possible at the 

estimated hottest spot; When method No 3 is used it shin 

jfhecke d^y method No. 2; the hottest^potth ah 

Method No. 2, the'rotof ^ 0 be^ed heCk ° ann0t ^ aPP “ ed " 
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then be taken to be the highest value by either method, the required 
correction factors (§348 and §356) being applied in each case. 

353 By Building into the Machine suitably placed temperature de¬ 
tectors, a temperature not much less than that of the hottest spot will 
probably be disclosed. When these devices are adopted for such 
temperature determinations, a liberal number shall be employed, and 
all reasonable efforts, consistent with safety, shall be made to 
locate them at the various places where the' highest temperatures are 
likely to occur. 

354 Temperature-Detectors should be placed in at least two sets of 
locations. One of these should be between a coil-side* and the core, 
and one between the top and bottom coil-sides where two coil-sides 
per slot are used. Where only one coil-side per slot is used, one set of 
detectors shall be placed between coil-side and core, and one set 
between coil-side and wedge. 

355 Method No. 3 should be applied to all stators of machines with 
cores having a width of 50 cm. (20 in.) and over. It should also 
be applied to all machines of 5000 volts and over, if of over 500 
kv-a., regardless of core width. This method is not required for 
induction-regulators, which shall be tested as transformers. 

366 Correction Factor for Method No. 3. —In the case of two-layer 
windings, with detectors between coil-sides, and between coil-side and 
core, add 5° C to the highest reading. In single-layer windings, with 
detectors between coil-side and core and between coil-side and wedge, 
add to the highest reading 10° C. plus 1° C. per 1000 volts above 5000 
volts of terminal pressure. 

TEMPERATURE LIMITS 

375 Table III, page 38, gives the limits for the hottest-spot tempera¬ 
tures of insulations. The permissible limits are indicated 
in column 1 of the Table. The limits of temperature rise 
permitted under rated-load conditions are given in column 2, 
and are found by subtracting 40° C. from the figures in column 1. 
Whatever be the ambient temperature at the time of the test, the rise 
of temperature must never exceed the limits in column 2 of the 
table. The highest temperatures, and temperature rises, attained 
in any machine at the output for which it is rated, must not exceed 
the values indicated in the Table and clauses following. 

376 Permissible Temperatures and Temperature Rises For Insulating 
Materials. Table III (see next page) gives the highest temperatures 
and temperature rises to which various classes of insulating materials 
may be subjected, based on a standard ambient temperature of 
reference of 40°C. 

877 Note. The Institute recognizes the ability of manufacturers to 
employ Class B insulation successfully at maximum temperatures of 
150° C. and even higher. However, as sufficient data covering ex¬ 
perience over a period of years at such temperatures are at present 

*A ©pij §},$p If of the two active sides of the coil lying in a slot. 
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unavailable, the Institute adopts 125° C as a conservative limit for 
this class of insulation, and any increase above this figure should be 
the subject of special guarantee by the manufacturer. 


TABLE III. 

Permissible Temperatures and Temperature Rises for Insulating 

Materials. 




1 1 2 i 

Class 

Description of Material 

Maximum 
■ Temperature tc 
which the 
material may 
be subjected 

Maximum 

Temperature 

Rise 

A. 

Cotton, silk, paper and simi¬ 
lar materials, when so treat¬ 
ed or impregnated as to in¬ 
crease the thermal limit, or 
when permanently im¬ 
mersed in oil; also enamel¬ 
led wire*.... 

105°C 

65°C 


B. 

1 

! 

Mica, asbestos and other ma¬ 
terials capable of resisting 
high temperatures, in which 
any Class A. material or 
binder is used for structural 
purposes only, and may 
be destroyed without im- 
pairingf the insulating or 
mechanical qualities of the 
insulation .. 

125°C 

i 

85°C 


c. 

I I 

i ! 

* i 

Materials capable of resisting 
higher temperatures than 
Class B, such as pure mica, 
porcelain, quartz, etc. 

_ 

-1-- 

No limits specified. 


nor immersed ’in oii.^ hfghtst^emL”^ 313 ’ Whe ° neither treate d, impregnated 
below the limits fired for Class A in TaM 'ttt a ” d temperature «ses shall be 10° C 
fThe word impair is here used in fh A CA r* 
qualify the insulation for continuous service 6 ^ CaUSmg any chan S e which would dis 

pleted'prodtrt^sTcrin^tenr 5 iS Com P rised a com- 

^ the temperature limits Sowed for The vT' T ** Sub ^ tioa 
material, with which it is associated ^ ^gher-temperature class 

insulation either mechanically or electrical^ ^ theinte S rit y ° f the 
ture shall be fixed at such a value as shall Jfr ^Permissible tempera- 

hall afford ample assurance that 
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no part of the lower-temperature class material shall be subjected to 
temperatures higher than those approved by the Institute and set 
forth above. 


379 TABLE IV 

Permissible Hottest Spot Temperatures and Limiting Observable 
Temperature Rises in Other than Water-Cooled Machineryt 



Class 

A* 

B 

Permissible Hottest-Spot Temperature.. .. 

105° 

125* 

METHOD I 

Thermometer 

only 

See §§345 to347 

Hottest Spot Correction. 

Limiting Observable Temperature. 

Limiting Observable Temperature Rise 

15° 

90° 

50° 

15* 

110* 

70* 

METHOD II 
Resistance 

See §348 

Hottest Spot Correction. 

Limiting Observable Temperature. 

Limiting Observable Temperature Rise 

10° 

95* 

55* 

10* 

115° 

75° 

" r "" 1111 “ n " 1 11 1 

METHOD III 

Embedded Temperature Detectors 

See §§352 to 356 

Double-Layer 
Windings. For 
all Voltages 

Hottest Spot Correction. 

Limiting Observable Temper¬ 
ature. 

Limiting Observable Temper¬ 
ature Rise. 

5° 

1 

100° 

60° 

5° 

120* 

80° 

Single-Layer 
Windings. For 
5000 volts or less 

Hottest Spot Correction. 

Limiting Observable Temper¬ 
ature. 

Limiting Observable Temper¬ 
ature Rise. 

10° 

95° 

55° 

10* 

115* 

75* 

Single-Layer 
Windings. For 
more than 

5000 Volts 

Hottest Spot Correction. 

Limiting Observable Temper¬ 
ature. .... 

Limiting Observable Temper¬ 
ature Rise. 

i 

10°+(12—5) f 

95°— (B —5) 

55°— (E —5) 

10°+(J2—5) 

115°— (E —5) 

75°— (E—5) 


♦For cotton, silk, paper and similar materials, when neither treated, impregnated nor 
immersed in oil, the highest temperatures and temperature rises shall be 10 C. below the 
limits fixed for class A. 

fin these formulas, E represents the rated pressure between terminals in kilovolts. 
Thus for a three-phase machine with single-layer winding, and with 11 kilovolts between 
terminals, the hottest-spot correction to be added to the maximum observable temperature 
will be 16°C. 

JFor exceptions to these limitations see §§301, 717a, 721, 726, 729, 731, 740a, and 
Special Cases §§385 to 392. 
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385 


386 


Special Cases of Temperature limits. 

imnfersed. r shslt ^ 0l1 m whicl1 apparatus is permanently 

mometer" in "L^i Z C ‘ observable by the, 

^ th6Se the h 0 tteSt - S P 0t tem P era - 

386 A § 164 ) Cl °the H°V S and ‘Generators. In an enclosed machine (see 
observaWe teZ! ln ? ° bserVable temperature and the limiting 
Table IV * e “ perature u nse sha U be taken as 5 °C. higher than in 

ible hottest spot temperature h?t mCr ^“ m the P ermiss ' 

differs* w !r P t* ’ bub is m recognition of the lesser 

temperature ^itMn h 0 t f eS * S P 0t te “Perature and the observable 
toXse tvnJ f an enclosed machine. This rule does not apply 
to those types of machines defined in §§ 163 , 165 and 167 . 

387 Railway Motor Temperature Limits, see §804 and 805 
387 A. Automobile Propulsion Motors and Generators, see §838 

388 J£TofV h andA r rtiSSeUr WiQdh *s. m many cases the 

ucb wi ndmgs is largely for the purpose of making 

insulation k°a S mole tl 8 : i tly 7 theif Sl ° tS ’ and th ® sIi S htest effective 

ing mate 17 ^ CaS6S ’ there i? P^tically no insuia- 

rise mav hc nf , Wmdln S s ' Consequently, the temperature 

SroThe b ma°cW y ^ SUCh “ ^ n0t in- 

permitted to exceed^^he "h^tte ^ 6 °f, Collector rin S s sha11 not be 
379 for the insulations a hott ® st ; s P°t values set forth in §376 and 
selves or in adt e “ P °^ ed either in the collector rings them- 

the he^^r ^ 3 Wh ° Se ^ W ° Uld affeCted b y 

permh“d Ut tre S ;ceeJ h tlf S6 7 able temPeratUre Sha11 in no case be 

sulation employed either 7 the" 7 §3?6 and 379 f ° r the in ‘ 

whose life would be affected by th^W^f ^ ^ msuUtion 

temperature limits are intended otlv t . c ° mmutator - Th ^e 
commutator and of the adiaeent Y + protect the insulation of the 

criterion of successful commutatioiL^See^Oa ^ 6 ^ ^ “ 3 

contact with Lulati^mSerialshmust’not *7 ir ° n 
in those insulating materials tcrrmA + 6 Suc ^ as occa sion 

excess of those set forth in §376 and ^ t6mperature rises ir 


389 


390 


391 


392 


coreritcT7ll (S ptt7 o'" eleifctf 3 ' bearingS ’ pole - tips - 

whose temperature affects the f-e machlner y other than those 
junous in any other respect. P tUfeS aS sha not be in " 
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Methods of loading transformers for temperature 

TESTS 

893 Whenever practicable, transformers should be tested under con¬ 
ditions that will give losses approximating as nearly as possible 
to those obtained under normal or specified load conditions, main¬ 
tained for the required time (See §322 to 324). The maximum tem¬ 
perature rises measured during this test should be considered as the 
observable temperature rises for the given load. 

An approved method of making these tests is the ** loading-back 99 
method. The principal variations of this method are: 

With duplicate single-phase transformers. 

Duplicate single-phase transformers may be tested in banks of 
two, with both primary and secondary windings connected in par¬ 
allel. Normal magnetizing voltage should then he applied and the 
required current circulated from an auxiliary source. One trans¬ 
former can be held under normal voltage and current conditions, 
while the other may be operating under slightly abnormal con¬ 
ditions. 

305 With one three-phase transformer. 

One three-phase transformer may be tested in a manner similar 
to §394 provided the primary and secondary windings are each con¬ 
nected in delta for the test. Normal three-phase magnetizing volt¬ 
age should be applied and the required current circulated from an 
auxiliary single-phase source. 

306 With three single-phase transformers. 

Duplicate single-phase transformers may be tested in banks of 
three, in a manner similar to §396 by connecting both primary and 
secondary windings in delta, and applying normal three-phase 
magnetizing voltage and circulating the required current from an 
auxiliary single-phase source. 

307 Note: — Among other methods that have a limited application 
and can be used only under special conditions may be mentioned— 

(1) Applying dead load by means of some form of rheostat. 

(2) Running alternately for certain short intervals of time on 
open circuit and then on short circuit, alternating in this way until 
the transformer reaches steady temperature. In this test, the vol¬ 
tage for the open-circuit interval and the current for the short-circuit 
interval shall be such as to give the same integrated core loss, and 
the same integrated copper loss, as in normal operation. 


ADDITIONAL REQUIREMENTS 
398 Short-Circuit Stresses. 

The Institute recognizes the self-destructibility, both mechanical 
and thermal, of certain sizes and types of machines, when subjected 
to severe short-circuits, and recommends that ample protection be 
provided in such cases, external to the machine if necessary. 
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400 


401 


Over-Speeds. 

w -jl ^ < ». | shall be so constructed that 

casToSteatLhf t T ° Ver - Speed of 25 P<* cent, except in the 

nors shall h ? 6S ’ W j lch ’ when equipped with emergency gover¬ 
nors, shall be constructed to withstand 20 per cent over-speed. 

taee taW S fnr!h SerieS M ° t0rS ’ h iS ^practicable to specify percen- 
service conditions. 6 gUaXanteed over - s Peed, on account of the varying 

runTlTsn^ e l? en , erat °u S Sha11 be COnstruc ted for the maximum 
P ic can be attained by the combined unit. 

Momentary Loads. 

402 ^srioToS'S'.r 1 be “ “v 

tinuous ratine- vf, • ^ amperes corresponding to the con- 

(See 55281 Tfia rheostat set for rated load excitation, 

muta i* 2 ^^ 8 °^ ai ! d ^mmutating machinery shall com! 

tion is such that ^ ^ t ^ S conciit i on * Successful commuta- 

the test T ft, neither brusll es nor commutator are injured by 

I not to be infernT/ 1 ^’^nected generators, this clause 
generator at this overload 8 reqUmng th ® pnme mover to drive the 

403 thefAqurvatem lSdfS M th^shorftf' * rat6d aCCOrdin « to 

LttuctlSlyunfTh Whh Wid6ly &VL ^^°loX°shln commu- 
and 286. ? der their specified operating conditions. See §§284 

404 Stalling Torque of Motors 

be required^deveirp S rrun C ni Shal t’ eXCept Wh6notherwise specified, 

that corresDondin/tn rt runmn 2 tor <lue at least 176 per cent of 
out stalling rUnmng t0rque at their rated load, with- 

ouUtlllkLg 7, duty ' 0ycle machines must carry their peak loads with- 


WAVE SHAPE 

6 dep a rtS e tWfro S mltnhere S n?"n d th S Staada f d ’ 6XCept where the 

which the machine forms a part. °P er atron of the system of 

. alien Factor. A deviation factor fSee 5171 nf 
circuit terminal voltave ,, , 6e of the °pen- 

exceeding 10% (0.10) is permissible excent^^Th maChinery no ^ 
407 t«i« v P D1 ce P t when otherwise specified. 

is the ratio of interferenc e factor 

values of all the^ ^ine Z ‘he sum of the squares °f-the weighted 
waves both fundamental^ ^components (including in alternating 
wave. (See §l 7a ? harm0mcs > *> the r,m.s, yglue of the 
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408 Relative Weighting of Components. —The weighting of the sine- 
wave components of different frequencies is as given in the following 
curve. (For trial only.) 



The telephone interference factor of a voltage wave, corresponding 
to this weighting, may be measured by the use of the network shown 
in the following diagram. 



Ci =0.9 mf. ' 
C 2 =0.9 “ 

Ci =7.5 “ 


Network Constants 


dzO.5% 


Li = 0.023 henry 
Z, 2 =0.0205 “ 

Lz =0.068 “ 

Li =0.019 “ 


\ ±0.5% 


J 


Ri = 5 ohms ±2% 
Ri = 12 « ± 2 % 
Rz =73 « d=l% 
Ri=22.5 “ ±2% 
i? 5 -43 “ ± 1 % 


With this network the telephone interference factor is the. ratio of 
the current I in micro-amperes in the meter branch of the network to 
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the voltage E applied to the external terminals of the network. The 
measurement may be made on the low tension side of a potential 
transformer. A sensitive vacuum thermocouple provided with a 
shunt, and a direct current mil-ammeter have been found convenient 
for measuring the current. 

409 Limiting Value of Telephone Interference Factor.—A telephone 
interference factor (See §§17a and 407) of the open-circuit terminal 

voltage wave not exceeding*-- is permissible except when 

otherwise specified. This rule shall apply in cases where syn¬ 
chronous machinery is required for use in connection with open-wire 
transmission or distribution circuits and shall be supplementary to 
§406. The purchaser shall in each case indicate whether or not the 
conditions are such that this section applies. 


420 


421 


422 


EFFICIENCY AND LOSSES 

Machine Efficiency is the ratio of the power delivered by the 
machine to the power received by it. 

Plant or System Efficiency is the ratio of the energy delivered from 
the plant or system to the energy received by it in a specified period 
of time.f In calculating plant or system efficiency it may be desir¬ 
able to calculate the losses in each individual machine or part of 
the system at the actual temperature of that machine or part during 
e speci ed interval. These losses may be appreciably different 
from the losses at75°C., which lattershall be the standard temperature 
of reference for all efficiency guarantees. See §432. 

In the Case of Machinery two Efficiencies are Recognized. 

conven xonal efficiency (see §423) and directly measured efficiency, 
nless otherwise specified, the conventional efficiency is to be 

s 2 yed ' f When the efficienc y of a machine is stated without 

sj f : load conditions ' rated ioad - to be 

measured efficacy 1 : **" conveati <^ °r Erectly 

thf sum nf rt al Ef f lciency of machinery is the ratio of the output to 
to the incut- whT losses; or of the input minus the losses 

O one or more i e f her Case> convent i°^l values are assigned 
value to certain loT ° SSeS ‘ f ° r assi ^ in S conventional 

many cases Xk?" practlcall y indeterminable, and must, in 
or else values reA aPPr ? X u lmated an approved method of test, 
ventional” values shaU be e 7 the Institute and designated “ con- 
ventional efficiency/’ ^ ° yed ^ them in arrivin & at the “con- 

Of effidewy^ay^tSdeSA 1 ^ ^ °/ PUt deter minations 

—^r--—_ mane direc tly, measuring the output by brake. 

iis appropriate lirnitinfir valnp nf ^ T ^ --—-—--- 

will be recommended after further exoeripnr if S n0t 76t been determined, but 

tAa exception should be noted in the asetf “hAffi^ 11 ° bt . ained - 

e case of the efficiency of storage batteries. 


423 
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or equivalent, where applicable. Within the limits of practical 
application, the circulating-power method, sometimes described as 
the Hopkinson or “ loading-back” method, may be used. 

428 Values of the Indeterminate Losses may also be obtained by 
brake or other direct test, and used in estimating actual efficiencies 
of similar machines, by the separate-loss method. 

427 Normal Conditions. The efficiency shall correspond to, or be 
corrected to, the normal conditions herein set forth, which shall be 
regarded as standard. These conditions include voltage, current, 
power-factor, frequency, wave-shape, speed, temperature, or such 
of them as may apply in each particular case. 

428 Measurement of Efficiency. Electric power shall be measured 
at the terminals of the apparatus. In polyphase machines, sufficient 
measurements shall be made on all phases to avoid errors of unbalance. 

429 Point at Which Mechanical Power Shall be Measured. Mechani¬ 
cal power delivered by machines, shall be measured at the pulley, 
gearing, or coupling, on the rotor shaft, thus excluding the loss of 
power in the belt or gear friction. See, however, an exception in 

§800. 

430 The Efficiency Specified for Alternators and Transformers shall 

be of the ratio of the kilowatt output to the kilowatt input at the 
rated kv-a. and power factor. 

431 Efficiency of Alternating-Current Machinery in regard to WaveShape. 

In determining the efficiency of alternating-current machinery; 
the sine wave is to be considered as standard, unless a different wave 
form is inherent in the operation of the system. See §406. 

432 Temperature of Reference for Machine Efficiency. The effi¬ 
ciency, at all loads, of all apparatus, shall be corrected to a refer¬ 
ence temperature of 75°C, but tests may be made at any con¬ 
venient ambient temperature, preferably not less than 15 °C. See 
§§348 and 445. 

433 The losses in constant-potential machinery, either of the stationary 
type, or of the constant-speed rotary type, are of two classes; namely, 
those which remain substantially constant at all loads, and those 
which vary with the load. The former include iron losses, windage 
and friction, also I 2 R losses in any shunt windings. The latter 
include I 2 R losses in series windings. The constant losses may be 
determined by measuring the power required to operate the machine 
at no load, deducting any series I 2 R losses. The variable loss at 
any load may -be computed from the measured resistance of the series 
windings and the given load current. 

434 Stray Load Losses. The above simple method of determining 
the losses and hence the efficiency is only approximate, since the 
losses which are assumed to be constant do actually vary to some 
extent with the load, and also because the actual loss in the copper 
windings is sometimes appreciably greater than the calculated I R 
loss. The difference between the approximate losses, as above de- 
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Th^'e" duTt 1 l0 A S ?’ iS termed the “ stra y Ioad losses”*. 

£ ,r . distortions in electric or magnetic fluxes 

“«1“‘S'”-, or vaI ““' b ™<*> *>««•>, 

be indeterminable, 1 ? * ppr< ”‘”»*“ 1 y meunt.ble, or tn.y 

TABLE V 

Classification of Losses in Machinery 


Accurately Measurable 
or Determinable 

A pproximately 
Measurable or 
Determinable 

YVOi 

i 

Indeterminable i 

a. No-Load Core Losses 
including eddy-current 
losses in conductors at 
no-load 

c. Brush Friction 
Loss 

h. Iron Loss due to 
flux distortion. 

b. Load I 2 R losses in 
windings 

No-Load I 2 R losses in 
windings 

. T — 

d. Brush-Contact 
Loss 

i. Eddy-Current losses; 
in conductors due to 
transverse fluxes oc¬ 
casioned by the load 
currents. 


e. Losses due to wind¬ 
age and to bearing 
friction 

l k . Eddy- Current losses 
in conductors due to 
tooth saturation re¬ 
sulting from distor¬ 
tion of the main flux. 

i 

i 

1 

< 

f. Extra copper loss 
in transformer wind¬ 
ings, due to stray 
luxes caused by load 
currents 

L Tooth-frequency 
losses due to flux dis¬ 
tortion under load. 

i 

Dielectric Losses. * 

■ - 

n. Short-Circuit Loss 
of Commutation. 
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accurately or Lro7\ U “* er individual losses are either 

detZZll but certain of - 

Whi0h "«*■ ^at they should £ 

losses to be taken into account in various types 

OF MACHINES 

£:te" , 1,e C °S“““‘” B M “ ,,r! “ 4 

I J R loss in all windings. 

Brush contact I 2 R loss Unl<a CQ 

stitute Standard of 1 voit for cont^™ USe the In ' 

- ---—_C()ntact drop per brush; i. e. t 2 volts 

♦T-n tr ,, --—___ 


1 — ~ - J • * ^ V V-/X V 

. In Table V * the stray load losses include f Z : Z , 7~--- 

increased core losses due to increased V * 1 and m; but do n °t includ 

underload. increased excitation for compensating internal dro; 
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for total brush drop, either carbon or graphite brushes. (See §§454 
and 819). In the case of low voltage automobile propulsion motors 
and generators this loss should be determined experimentally; see 

§839. 

Friction of bearings and windage. 

Rheostat losses, when present. 

Brush friction. 

All indeterminable load losses (including stray-load iron 
losses) which may be important, which vary with the design, and for 
which no satisfactory method of determination has been found, shall 
be included as zero per cent in estimating conventional efficiency. 

441 Synchronous Motors and Generators. 

Core losses. See §452. 

I 2 R loss in all windings, based upon rated k-va. and power 
factor. 

Stray load-losses. In approximating these losses, the method 
described in §458 shall be employed. 

Friction of bearings and windage. 

Brush friction and brush-contact loss is negligible, except in 
the case of revolving armature machines. 

Rheostat losses, when present, corresponding to rated kv-a. and 
power factor. 


442 Induction Machines. 

Core losses. See §452. 

I 2 R losses in all windings. 

Stray load-losses. In approximating these losses, the method 
described in §459 shall be employed 

Brush friction when collector rings are present. 

Brush-contact loss. Unless otherwise specified, use the Insti¬ 
tute Standard of 1 volt for contact drop per brush, for either 
carbon or graphite brushes. See §464. 

Friction of bearings and windage. 


443 Commutating A-C. Machines 

Core losses. See §452. 

I 2 R losses in all windings. 

Brush friction. 

Brush-contact loss. Unless otherwise specified, use the Insti¬ 
tute Standard of 1 volt for contact drop per brush, for 
either carbon or graphite brushes. See §464 and 819. 

Friction of bearings and windage. 

\ 

Short-circuit loss of commu¬ 


tation. 

Iron loss due to flux distor¬ 
tion. 

Eddy-current losses due to 
fluxes varying with load 
and saturation. 


The Institute is not at th.'s 
time prepared to make recom¬ 
mendations for approximate g 
these losses. 
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Synchronous Converters. 

Core losses. See §452. 

I 2 R losses in all windings, based on rated kw. and unity power 
factor. The I 2 R losses in the armature winding shall be 
derived from those corresponding to its use as a direct- 
current generator, by using suitable factors. 

Brush friction. 

Rheostat losses when present, corresponding to rated kw. and 
unity power factor. 

Brush-contact loss. Unless otherwise specified, use the Insti¬ 
tute Standard of 1 volt for contact drop per brush, for 
either carbon or graphite brushes. See §454. 

Short-circuit loss of commuta¬ 


tion 

Iron loss due to flux distor¬ 
tion when present. 
Eddy-current losses due to 
fluxes varying with load 
and saturation. J 


These losses, while usually of 
low ‘magnitude, are erratic, 
and the Institute is not at 
this time prepared to make 
recommendations for approxi¬ 
mating them. 


Friction of bearings and windage. 

For the booster type of synchronous converter, where the 
booster forms an integral part of the unit, its losses shall 

be included in the total converter losses in estimating the 
efficiency. 

Transformers 

No-load losses. These include the core loss, and the I 2 R loss 

. ue to the exciting current, also the dielectric loss in the 
insulation. (See §470), 

Load losses. These include I 2 R losses, and stray load-losses 
(Se'e §471) 7 CUrrentS CaUS6d by flUX6S Varying with Ioad - 


460 


determination or approximation of losses in 

rotating machinery 

DriTthe 6 Jac Wf be dete ^«ed as follows. 

shTbe suRablv d, n ; nd ® Pendent m0t0r ' the out P ut ° f which 

brushes removed The ma ° hine Under test sha11 have its 

the bearing friction and windaee of tL m ^ ^ represents 

-. Tte ™<1.« Of induction “otSs’Sy b« 

srs srsr'».r i °:r ** ^ 

watts input, minus I 2 R W ,approximately rated speed; the 
as the friction and windage conditions being taken 

” nd T “ d b “” E 

per cent of the output. In these rules ti • T* ^ a fractl0n of one 
to its small value and the ^ 
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Hrush Friction of Commutator and Collector Rings. Follow the 
test of §460, taking an additional reading with the brushes in contact 
with, the commutator or collector rings. The difference between the 
output obtained in the test in §460 and this output shall betaken as 
tine brush friction. Note: The surfaces of the commutator and 
fc>rmshes should already be smooth and glazed from running when 
this test is made. 

Core Loss. Follow the test of §461 with an additional reading 
taken in a similar manner, except that the machine is to be excited 
so as to produce at the terminals a voltage corresponding to the cal¬ 
culated internal voltage for the load under consideration. The 
difference between the output obtained by this test and that obtained 
t>y test under Sec. 461 shall be taken as the core loss. 

For Synchronous Machines, the internal voltage shall be 
determined by correcting the terminal voltage for the resist¬ 
ance drop only. 

The Core Loss of Induction Motors may be determined by 
measuring the watts input to the motor when running free 
at rated voltage and frequency and subtracting therefrom 
the no-load copper loss, bearing friction and windage. 

The Brush-Contact I 2 R Loss depends largely upon the material of 
which the brush is composed. As indicating the range of variation 
tine following table will be of interest: 


TABLE VI. 
Brush-Contact Drop. 


Grade of Brush 

Volts drop across one brush-contact. 

(Average of positive and negative brushes) 

Hard Carbon 

Soft Carbon 

Graphite 

Metal-Graphite types 

1.1 

0.9 

0.5 to 0.8 

0.15 to 0.5 (The former for largest proportion 
of metal) 


One volt drop per brush shall be considered as the Institute Stand¬ 
ard drop corresponding to the I 2 R brush-contact loss, for car 
bon and graphite brushes. Metal-graphite brushes shall be con¬ 
sidered as special. See §819. 

466 Field-Rheostat Losses shall be included in the generator losses 
win ere there is a field rheostat in series with the field magnets of 
■tine generator, even when the machine is separately excited. 

466 Ventilating Blower. When a blower is supplied as part of a 

mnachine set, the power required to drive it shall be charged against 
fine complete unit; but not against the machine alone. 
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467 Losses in Other Auxiliary Apparatus. Auxiliary apparatus, such as 
a separate exciter for a generator or motor, shall have its losses 
charged against the plant of which the generator and exciter are 
a part, and not against the generator. An exception should be 
noted in the case of turbo-generator sets with direct-connected 
exciters, in which case the losses in the exciter shall be charged- 
against the generator. The actual energy of excitation and the 

eld-rheostat losses, if any, (see §465) shall be charged against the 
generator. 


458 


459 


460 


Stray Load-Losses in Synchronous Generators and Motors. These 
include iron losses, and eddy-current losses in the copper due to 
fluxes varying with load and also to saturation. 

Stray load-losses are to be determined by operating the machine 
on short circuit and at rated-load current. This, after deducting the 
windage and friction and I 2 R loss, gives the stray load-loss for 
polyphase generators and motors. These losses in single-phase 
machines are large; but the Institute is not yet prepared to specify 
a method for measuring them. 


Stray Load-Losses in Induction Machines. 

These include eddy-current losses in the stator copper, and other 
eddy-current losses due to fluxes varying with the load. In wind 

ings consisting of relatively small conductors, these eddy-current 
losses are usually negligible. 

With rotor removed, measure the power input to the stator with 
ifferent values of current at the rated frequency. The curve plotted 
with these values gives the combined I 2 R and stray load-losses due 
to. ed fy currents m the stator copper. Deduct the I 2 R loss deter¬ 
mined from the resistance, and the difference will represent the stray 
load-losses corresponding to the various currents. While this method 

1S n °J; . acc y rate for some types of motors it usually represents 
a sufficiently good approximation. 


Polyphase Induction-Motor Rotor I 2 R Loss. This should be de- 

ermine rom the slip, whenever the latter is accurately determinable, 
using the following equation: 


Rotor PR loss 


uutput X slip 
1 - slip 


^ motors> in which the slip cannot be directly meas- 

ured by loading, the rotor I S R loss shall be determined by direct 

resistance measurement; the rotor full-load current to be calculated 
Dy tne following equation: 


Current per ring = 


watts output 


- ■ ■■ . L 

rotor voltage at stand-still X V3 XK 


This equation applies to three-phase_rotors. For rotors wound 

or mot? 486 ; , U sn f “ Stead ° f V3 ‘ K be taken as 0-95 

for motors of 150 kw. or larger. The factor K usually decreases 

but ” — <* ***<«« 
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DETERMINATION OR APPROXIMATION OF LOSSES IN 

TRANSFORMERS 

470 No-Load Losses. These shall be measured with open secondary 
circuit at the rated frequency, and with an applied primary voltage 
giving the rated secondary voltage plus the IR drop which occurs 
in the secondary under rated load conditions. 

471 Load Losses. These include I 2 R and stray load-losses. They 
shall be measured by applying a primary voltage, preferably at rated 
frequency, sufficient to produce rated load current in the windings, 
with the secondary windings short circuited. 

DIELECTRIC STRENGTH TESTS OF MACHINERY 

480 Basis for Determining Test Voltages. The test voltage which 
shall be applied to determine the suitability of insulation for com¬ 
mercial operation is dependent upon the kind and size of the ma¬ 
chinery, and its normal operating voltage, upon the nature of the 
service in which it is to be used, and upon the severity of the me¬ 
chanical and electrical stresses to which it may be subjected. The 
voltages and other conditions of test which are recommended, 
have been determined as reasonable and proper for the great majority 
of cases, and are proposed for general adoption, except when specific 
reasons make a modification desirable. 

481 Condition of Machinery to be Tested. Commercial tests shall, 
in general, be made with the completely assembled machinery 
and not with individual parts. The machinery shall be in good 
condition, and high-voltage tests, unless otherwise specified, shall be 
applied before the machine is put into commercial service, and shall 
not be applied when the insulation resistance is low owing to dirt or 
moisture. High-voltage tests shall be made at the temperature as¬ 
sumed under normal operation or at the temperature attained under 
the conditions of commercial testing. High-voltage tests to determine 
whether specifications are fulfilled, are admissible on new ma¬ 
chines only. Unless otherwise agreed upon, high-voltage tests of a 
machine shall be understood as being made at the factory. 

482 Points of Application of Voltage. The test voltage shall be suc¬ 
cessively applied between each electric circuit and all other elec¬ 
tric circuits and metal parts grounded. 

483 Interconnected Polyphase Windings are considered as one circuit. 
All windings of a machine except that under test, shall be connected 
to ground. 

484 Frequency, Wave Form and Test Voltage. The frequency of 
the testing circuit shall not be less than the rated frequency of the 
apparatus tested. A sine-wave form is recommended. See §405. 
The test shall be made with alternating voltage having a crest 

value equal to \/2 times the specified test voltage. In d.c. machinea, 
and in the general commercial application of a.c. machines, the 
testing frequency of 60 cycles per second is recommended. 
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485 Duration of Application of Test Voltage. The testing voltage 
for all classes of apparatus shall be applied continuously for a period 
of 60 seconds. See exception, 486A. 

488A Exception —For All Standard Devices Produced in Large Quanti¬ 

ties and with a standard test pressure of 2500 volts or less, a test 
pressure applied for one second 20 per cent higher than the one- 
minute test pressure will be satisfactory. 

486 Apparatus for Use on Single-Phase, 3-Phase-Delta or 3-Phase- 
Star Circuit's. Apparatus, such as transformers, which may be used 
in star connection on three-phase circuits, shall have the delta 
voltage of the circuits on which they may be used indicated on the 
rating plate and the test shah be based on such delta voltage 


VALUES OF[A-C. TEST VOLTAGES 


500 The Standard Test for All Classes of Apparatus, Except f as Other¬ 
wise Specified, Shall he Twice the Normal Voltage of the Circuit 
to Which the Apparatus is Connected, Plus 1000 Volts, 

501 Exception —Alternating-Current Apparatus connected to Perma¬ 
nently Grounded Single-Phase Systems, for use on Permanently 
Grounded Circuits of more than 300 Volts, shall be tested with 
2.73 times the voltage of the circuit to ground + 1000 volts. This 
does not refer to three-phase apparatus with grounded star neutral. 

502 Exception Distributing Transformers. Transformers for primary 
pressures from 550 to 4500 volts, the secondaries of which are directly 
connected to consumers circuits and commonly known as distributing 
transformers, shall be tested with 10,000 volts from primary to core 
and secondary combined. The secondary windings shall be tested 
with twice their normal voltage plus 1,000 volts. 

508 Exception—. Auto—Transformers used for starting purposes, shall 
e tested with the same voltage as the test voltage of the appa¬ 
ratus to which they are connected. 


604 Exception Household Devices—Apparatus taking not over 660 
wattsr and fractional horsepower a-c. and d-c. motors in capacities of 
less than ^ h. p., or 373 watts, intended solely for operation on 
supp y circuits not exceeding 275 volts, shall be tested with 900 volts, 

except m the case of heating devices, which latter shall he tested with 
500 volts at operating temperature. 

M,^T^ t> n~ APParatUS f ° r USe ° a Circuits of 26 Volts or Dower, 

biles anna rmgm ^ a PP ar atus,* electrical apparatus used in automo- 

t ;/ PP l ra nn US6d ° n l0w - V0lta 2 e ^ttery circuits, etc., shall be 
tested with 500 volts. 

Exception-Field Windings of Alternating-Current Generators 

all be tested with 10 times the exciter voltage but in no case with 
less than 1500 volts nor more than 350 0 volts 

NatICmal Electri0 Code power limit for a single outlet- 

*lMs rule does not incline a k*>ii x . * ouxiet. 

National Electric Code. g ng ransforrners °f ratio 125 to 6 volts. See 

flxeeptiocs §§501 to 512. 
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607 Exception —Field Windings^ of Synchronous Machines, in¬ 
cluding motors and converters which are to be started from al¬ 
ternating-current circuits, shall be tested as follows: 

a. When machines are started with fields short-circuited they 
shall be tested as specified in §606. 

b. When machines are started with fields open-circuited and 
sectionalized while starting, they shall be tested with 5000 volts. 

c. When machines are started with fields open-circuited and 
connected all in series while starting, they shall be tested with 5000 
volts for less than 275-volt excitation and 8000 volts for excitation 
of 275 volts to 750 volts. 

608 Exception . Phase-Wound Rotors of Induction Motors. The 
secondary windings of wound rotors of induction motors shall be 
tested with twice their normal induced voltage, plus 1000 volts. 
By normal induced voltage is here meant the voltage between 
slip rings on open circuit at standstill with normal voltage impressed 
on the primary. 

When induction motors with phase-wound rotors are reversed, 
while running at approximately normal speed, by reversing the 
primary connections, the test shall be four times the normal in¬ 
duced voltage, plus 1000 volts. 

609 Exception —Switches and Circuit Control Apparatus above 600 
volts, shall be tested with 2} times rated voltage, plus 2000 volts. 
See §§720 to 769b. 

610 Exception —Assembled Apparatus. Where a number of pieces 
of apparatus are assembled together and tested as an electrical unit, 
they shall be tested with 15 per cent lower voltage than the lowest 
required on any of the individual pieces of apparatus. 

610A Exception. Meters and Instruments. The Institute is not at 
present in a position to make a recommendation in regard to the 
dielectric tests of meters and instruments. 

611 Testing Transformers by Induced Voltage. Under certain con¬ 
ditions it is permissible to test transformers by inducing the required 
voltage in their windings, in place of using a separate testing trans¬ 
former. By “required voltage", is meant a voltage such that the line 
end of the windings shall receive a test to ground equal to that re¬ 
quired by the general rules. 

612 Transformers with Graded Insulation shall be so marked. They 
shall be tested by inducing the required test-voltage in the transfor¬ 
mer and connecting the successive line leads to ground. 

Transformer windings permanently grounded within the trans¬ 
former shall be tested by inducing the required test voltage in 
such windings. (See §600). 

t Series field coils should be regarded as part of the armature circuit and tested as 
such. 
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631 


632 


633 


MEASUREMENT OF VOLTAGE IN DIELECTRIC TESTS 

OF MACHINERY 

Use of Voltmeters and Spark-Gaps in Insulation Tests. 

en ma ing insulation tests on electrical machinery, every 
precaution must be taken against the occurrence of any spark- 
gap discharges in the circuits from which the machinery is being 
tes * ed ; „ A , no n-mductive resistance of about one ohm per 
vo t shall be inserted in series with one terminal of the spark gap. 
If the test is made with one electrode grounded, this resistance shall be 
inserted directly in series with the non-grounded electrode. If 
neither terminal is grounded, one-half shall be inserted directly in 
series with each electrode. In any case this resistance shall be as 
near the measuring gap as possible and not in series with the tested 
apparatus. The resistance will damp high-frequency oscillations 
e time of breakdown and limit the current which will flow. 
A Water 4 tu l be 1S the most reliable form of resistor. Carbon resistors 
high voltages their resistan ce may become very low at 

under “f* 7 ° f L ° W Capacitance - When the machinery 

. , oes not require sufficient charging current to 

iltio S g T° age WaVe Shap6 ' ° r Change the ratio of transfor- 
ion, the spark gap should be set for the required test voltage and 

^7 appa f tus ad i usted to give a voltage at which this spark 
g p just breaks down. This adjustment should be made with the 

connected 7 71 d f onnected - The apparatus should then be 
connected, and with the spark gap about 20 per cent longer, the 

forme ap P aratus 1S &gain adjusted to give the voltage of the 

voltage Jto be° Wn ’ f th6 assumed voltage of test. This 

voltage is to be maintained for the required interval 

cufrent Capacitaace ' When the charging 

the voltage maC , mery under test may appreciably distort 

former the fiTt "a- T the f effective ratio of the testing trans- 
:°" v ' f 6 , , adjUStment of voltage with the gap set for the 

nected to the d ^ 6 7 • ‘ 36 ^ the a PP arat us under test con- 
d to the circmt and m parallel with the spark gap. 

arc over *77* ^ ° f krg6 inSuIators - ^ a ds, etc. partial 

cause the meas • 6d apparatus ma 7 Produce oscillations which will 

X K e wm then a g W ° 77^ The measured 

ratio " of ft! theaa P pear t0 ° high. In such tests the “ equivalent ” 

20% of the S transformer should be measured by gap to within 

aSLatus in oir OVe t V °mt ge ° f the t6Sted a PP arat - with the tested 
lengthened * Jt The meas “ring gap should then be greatly 
engthened out and the voltage increased until the tested aonaratiiQ 

‘5*7;he voito.';,°r V ' r '7"^ !h0 ” Id * h “ ht by mol. 

•»‘b« n> should b."“o5r " ° V " “* tr 

Measurements with Voltmeter. In +t , 

with a voltm^+pr ft,. • , measuring the voltage 

voltmeter, the instrument should preferably derive its 
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voltage from the high-tension circuit, either directly, or by means of 
a voltmeter coil placed in the testing transformer, or through an 
auxiliary ratio transformer . It is permissible to measure the voltage 
at other places, such as the transformer primary provided cor¬ 
rections can be made for the variations in ratio caused by 
the charging current of the machinery under test, or pro¬ 
vided there is no material variation of this ratio. In any case, 

when the capacitance of the apparatus to be tested is such as 

% 

to cause wave distortion, the testing voltage must be checked by a 
spark gap as set forth in §638, or by a crest voltage meter. If the 
crest-voltage meter is calibrated in crest volts, its readings must be 
reduced to the corresponding r. m. s. sinusoidal value by dividing with 

Vi. 

634 Measurements with Spark Gaps. If proper precautions 

are observed, spark gaps may be used to advantage in checking 
the calibration of voltmeters when set up for the purposes of high- 
voltage tests of the insulation of machinery. 

636 Ranges of Voltages. For the calibrating purposes set forth 

in §634 the sphere-gap shall be used for voltages above 50 kv., 
and is to be preferred down to 30 kv. The needle spark-gap may, 
however, be used for voltages from 10 to 50 kv. 

636 The Needle Spark Gap. The needle spark gap shall consist of 
new sewing needles, supported axially at the ends of linear conductors 
which are at least twice the length of the gap. There must 
be a clear space around the gap for a radius of at least twice the gap 
length. 

637 The sparking distances in air between No. 00 sewing needle points 
for various root-mean-square sinusoidal voltages are as follows: 

TABLE VII. 


Needle-Gap Spark-Over Voltages 

(At 25°C and 760 mm. barometer). 


RMS Kilovolts 

Millimeters 

R.M.S. Kilovolts 

Millimeters 

10 

11.9 

35 

51 

15 

18.4 

40 

62 

20 

25.4 

45 

75 

25 

33 

50 

90 

30 

41 




The above values refer to a relative humidity of 80 per cent. 
Variations from this humidity may involve appreciable variations 
in the sparking distance. 

638 The Sphere Spark-Gap. The standard sphere spark-gap shall 
consist of two suitably mounted metal spheres. When used as speci- 




1800 STANDARDIZATION RULES OF THE A. I. E. E. 


fied below, the accuracy obtainable should be approximately 2 per 
cent. 

No extraneous body, or external part of the circuit, shall be nearer 
the gap than twice the diameter of the spheres. By the “ gap rt is 
meant the shortest path between the two spheres. 

The shanks should not be greater in diameter than l/5th the sphere 
diameter. Metal collars, etc., through which the shanks extend, 
should be as small as practicable and should not, during any meas¬ 
urement, come closer to the sphere than the maximum gap length 
used in that measurement. 

The sphere diameter should not vary more than 0.1 per cent and 
the curvature, measured by a spherometer, should not vary 
more than 1 per cent from that of a true sphere of the required 
diameter. 

639 In using the spherometer to measure the curvature, the distance 
between the points of contact of the spherometer feet should be 
within the following limits: 


TABLE VIII 

Spherometer Specifications 


Diameter of Sphere 
in m.m. 


62.5 

125 

250 

500 


Distance between 

contact points in mm. 

Maximum 

Minimum 

35 

25 

45 

35 

65 

45 

100 

1 65 


539A In using Sphere Gaps constructed as above, it is assumed that the 
apparatus will be set up for use in a space comparatively free from 
external dielectric fields. Care should be taken that conducting 

lnir/ W r 2 f Part ° f the circuit - or at circuit potential, are not so 
located with reference to the gap that their dielectric fields are super- 

?° Se t° n 6 ga ? I B ' g '' the protecting resistance should not be arranged 
so as to present large masses or surfaces near the gap, even at a dis- 
tance oi two sphere diameters. 

sphere^hotdd ^ g . rou " n ^ ed » the s P af k point of the grounded 

ground approximately five diameters above the floor or 

640 The sparking distances between different spheres for various r m s 
sinusoidal voltages shall be assumed to be as follows: 
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TABLE IX. 

Sphere-Gap Spark-Over Voltages 


(At 25°C and 760 mm. barometric pressure) 



Sparking Distance in Millimeters. 

Kilo- 

62.5 mm. spheres 

125 mm. spheres 

250 mm. 

spheres 

500 mm. spheres 

volts 










One 

Both 

One 

Both 

One 

Both 

One 

Both 


sphere 

spheres 

sphere 

spheres 

sphere 

spheres 

sphere 

spheres 


grounded 

insulated 

grounded 

insulated 

grounded 

insulated 

grounded 

insulated 

,0 

4.2 

2 

« • 

# * 



• * 


20 

8.6 

8.6 

* • 

• * 



* * i ‘ 


30 

14.1 

14.1 

14.1 

14.1 



• ■ 


40 

19.2 

19.2 

id * i 

19.1 



• • 


50 

25.5 

25.0 

24.4 

24.4 



• » 


60 

34.5 

32.0 

30. 

30. 

29 

29 

« * 


70 

46.0 

39.5 

36 

36 

35 

35 

* « 

• • 

80 

62.0 

,*49.0 

42 

42 

41 

4:1 

41 

41 

90 

. . . • 

*60.5 

49 

49 

46 

45 

46 

45 

100 



56 

55 

52 

51 

52 

51 

120 



79.7 

71 

64 

63 

63 

62 

140 



108 

. 88 

78 

77 

74 

73 

160 



150 

110 

92 

90 

85 

83 

180 




138 

109 

106 

97 

95. 

200 





128 

123 

108 

106 ' 

220 





150 

141 

120 

117 

240 





177 

160 

133 

130 

260 





210 

180 

148 

k. 144 

280 





250 

203 

163 

158 

300 






231 

177 

171 

320 






265 

194 

187 

340 







214 

204 

360 





' 


234 

221 

380 







255 

239 

400 

i 

l 






| 

276 

257 


The sphere gap is more sensitive than the needle gap to momentary rises of voltage 
and the voltage required to spark over the gap should be obtained by slowly closing 
the gap under constant voltage, or by slowly raising the voltage with a fixed setting 
of, the gap. Open arcs should not be permitted in proximity to the gap during 
its operation, as they may affect its calibration. 


AIR-DENSITY CORRECTION-FACTORS FOR SPHERE GAPS 

541 The Spark-Over Voltage, for a given gap, decreases with decreasing 
barometric pressure and increasing temperature. This correction 
may be considerable at high altitudes. 

The spacing at which it is necessary to set a gap to spark over at 
some required voltage, is found as follows: Divide tne required 
voltage by the correction factor given below in Table X. A new 
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voltage is thus obtained. The spacing on the standard curves ob¬ 
tained from Table IX, corresponding to this new voltage, is the re¬ 
quired spacing. 

The voltage at which a given gap sparks over is found by taking the 
voltage corresponding to the spacing from the standard curves of 
Table IX, and multiplying by the correction factor. 

When the variation from sea level is not great, the relative air 
density may be used as the correction factor; when the variation is 
great, or greater accuracy is desired, the correction factor correspond¬ 
ing to the relative air density should be taken from Table X below, 
in which 

Relative air density = - 

273 -f t 

b ~ barometric pressure in mm. 

t * temperature in deg. C. 

Corrected curves may be plotted for any given altitude, if de¬ 
sired. 

Values of relative air density and corresponding values of the cor¬ 
rection factor are tabulated below. It will be seen that for values 

above .9, the correction factor does not differ greatly from the relative 
air density. 


TABLE X. 


Air-Density Correction Factors for Sphere Gaps 


Relative 





air 

density 


Diameter of standard spheres in mm. 


62.5 

125 

250 

500 

0.50 

0.55 

0.60 

0.547 

0.594 

0.640 

0.535 

0.583 

0.630 

0.527 

0.575 

0.623 

0.519 

0.567 

0.615 

0.65 

0.70 

0.75 

0.686 

0.732 

0.777 

0.677 

0.724 

0.771 

0.670 

0.718 

0.766 

0.663 

0.711 

0.759 

0.80 

0.85 

0.90 

1 0.95 

0.821 

0.866 

0.910 

0.816 

0.862 

0.908 

0.812 

0.859 

0.906 

0.807 

0.855 

0.904 

j 1.00 

1 l ' 05 

0.956 

1.000 

1.044 

0.955 

1.000 

1.045 

0.954 

1.000 

1.046 

0.952 

1.000 

1.048 

| 1.10 

1 

1.090 

1.092 

1.094 

1.096 
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INSULATION RESISTANCE OF MACHINERY 

560 The insulation resistance of a machine at its operating temperature 
shall be not less than that given by the following formula: 

voltage at terminals 

Insulation Resistance in megohms = —— -———- r~ 7 — r 

rated capacity mkv-a. *i“1000 

The formula only applies to dry apparatus. Such high values are 
not attainable in oil-immersed apparatus. 

Insulation resistance tests shall, if possible, be made at a d.c. pressure 
of 500 volts. Since the insulation resistance varies with the pressure, 
it is necessary that, if a pressure other than 500 volts is to be employed 
in any case, this other pressure shall be clearly specified. 

The order of magnitude of the values obtained by this rule is 
shown in the following table: 


TABLE XI. 

Insulation Resistance of Machinery 


Rated 
Voltage 
of machine 

Megohms 

lOOkv-a. 

1000 kv-a. 

10,000 kv-a. 

100 

0.091 

0106 


1,000 

0.91 

0.50 

0.091 

10,000 

9.1 

5.0 

0.91 

100,000 

i . ; 

■ 

50 

9.1 


661 It should be noted that the insulation resistance of machinery is of 
doubtful significance by comparison with the dielectric strength. 
The insulation resistanceis subject to wide variation with temperature 
humidity and cleanliness of the parts. When the insulation 
resistance falls below that corresponding to the above rule, it can, 
in most cases of good design and where no defect exists, be broughtup 
to the required standard by cleaning and drying out the machine. 
The insulation-resistance test may therefore afford a useful indi¬ 
cation as to whether the machine is in suitable condition for the 
application of the dielectric test. 

REGULATION 

DEFINITIONS 

660 Regulation. The regulation of a machine in regard to some 
characteristic quantity (sucn as terminal voltage or speed) is the 
change in that quantity occurring between any two loads. Unless 
otherwise specified, the two loads considered shall be zero load and 
raced load, and at the temperature attained under normal 
operation. The regulation may be expressed by stating the nu¬ 
merical values of the quantity at the two loads, or it may be ex- 
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661 


662 

563 


564 

565 


pressed by the “percentage regulation”, which is the percentage 
ratio of the change in the quantity occurring between the two 
loads, to the value of the quantity at either one or the other load, 
taken, as the normal value. It is assumed that all parts of the 
machine affecting the regulation maintain constant temperature 
between the. two loads, and where the influence of temperature is of 
consequence, a reference temperature of 75°C shall be considered as 
standard. If change of temperature should occur during the tests, 
the results shall be corrected to the reference temperature of 75°C. 

The normal value may be either the no-load value, as the no-load 

speed of induction motors; or it may be the rated-load value, as in 
the voltage of a.c. generators. 

It is usual to state the regulation of d-c. generators by giving 
the numerical values of the voltage at no load and rated load, and in 
some cases it is advisable to state regulation at intermediate loads. 

The Regulation of d-c. Generators refers to changes in voltage 
corresponding to gradual changes in load and does not relate to the 
comparatively large . momentary fluctuations in voltage that fre¬ 
quently accompany instantaneous changes in load. 

In determining the regulation of a compound-wound d-c. gener- 
ator, two tests shall be made, one bringing the load down and the 
o er ringing the load up, between no-load and rated load. 

hese may differ somewhat, owing to residual magnetism. The 
mean of the two results shall be used. 

In constant-potential a-c. generators, the regulation is the rise 
in voltage (when the specified load at specified power factor is 
reduced to zero) expressed in per cent of normal rated-load voltage. 

In constant-current machines, the regulation is the ratio of' the 
maximum difference of current from the rated-load value (occurring 
m the range from rated-load to short-circuit, or minimum limit 
of operation), to the rated-load current. ' 


In constant-speed direct-current motors, and induction motors, 
the reguJation is the ratio of the difference between full-load and no- 
load speeds to the no-load speed. 

beJweTtlT^f e a tial i raaSf0rmerS ’ tbe re 2 ulatioi i « the difference 

vo tT,e\!^ rated4 ° ad ValU6S ° f the secondar y terminal 
A' t t^ specified power factor (with constant primary im- 

Lronrf eTm ™f Voltage) expressed in per cent of the rated-load 

value that the ^ ? P Tr’^ V ° Uage being ad i usted to such a 

voltage^ a PP arat “s delivers rated output at rated secondary 


666 


667 


J: dynamotors, motor-generators and frequency 

the oftn ; a regU is the change in the terminal voltage of 

SnresseTbv I: 6611 ^ tW ° Speoified l° ada - This maj be 

expressed by giving the numerical values, or as the percentage of 

the terminal voltage at rated load. * 

in af V 0 lW.“« 1?“' *“•' th * r ' ! " 1,I6r ' i« the =ha W 

' C constant impressed voltage upon the sending 
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end. The percentage regulation is the percentage change in voltage 
to the normal rated voltage at the receiving end. 

568 In steam engines, steam turbines and internal combustion engines, 
the percentage speed regulation is usually expressed as the per¬ 
centage ratio of the maximum variation of speed, to the rated-load 
speed in passing slowly from rated load to no load (with constant 
conditions at the supply.) 

669 If the test is made by passing suddenly from rated load to no 
load, the immediate percentage speed regulation so derived shall 
be termed the fluctuation. 

670 In a hydraulic turbine, or other water motor, the percentage 
speed regulation is expressed as the percentage ratio of the maximum 
variation in speed in passing slowly from rated load to no load (at 
constant head of water), to the rated-load speed. 

671 In a generator unit, consisting of a generator combined with a 
prime mover, the speed or voltage regulation should be determined 
at constant conditions of the prime mover; i*e. constant steam- 
pressure, head, etc. It includes the inherent speed variations of 
the prime mover. For this reason, the regulation of a generator 
unit is to be distinguished from the regulation of either the prime 
mover, or of the generator combined with it, when taken separately. 

CONDITIONS FOR TESTS OF REGULATION 

680 Speed and Frequency. The regulation of generators is to be 
determined at constant speed, and of alternating-current apparatus 
at constant frequency. 

681 Power Factor. In apparatus generating, transforming or trans¬ 
mitting alternating currents, the power factor of the load to which 
the regulation refers should be specified. Unless otherwise specified, 
it shall be understood as referring to non-inductive load, that is 
to a load in which the current is in phase with the e.mf. at the out¬ 
put side of the apparatus. 

682 Wave Form. In the regulation of alternating-current machinery 
receiving electric power, a sine wave of voltage is assumed, except 
where expressly specified otherwise. See §406. 

683 Excitation. In commutating machines, rectifying machines, and 
synchronous machines, such as direct-current generators and motors, 
as well as in alternating-current generators, the regulation is to be 
determined under such conditions as to maintain the field adjustment 
constant at that which gives rated-load voltage at rated-load 

current, as follows: 

(1) In the case of separately-excited field magnets constant 
excitation. 

(2) In the case of shunt machines, constant resistance in the shunt- 
fi e lcl circuit. 

(3) In the case of series or compound machines, constant resist¬ 
ance shunting the series-field windings. 
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684 Tests and Computation of Regulation of A-C. Generators. 

ny one of the three following methods may be used. They are 
given in the order of preference. 7 

Method a. 

atoT^t ^f Iat T ff” ^ measured directly, by loading the gener- 
° n pe “ fied Ioad and P ower factor . then reducing the load to 

adiusted to Th Unn ^ * 6 terirdnal v °ltage, with speed and excitation 
•i s not n e same ,. values as before the change. This method 

^T llCaWe f ° r Sh ° P t6Sts ' P a rticularly on large 
generators, and it becomes necessary to determine the regulation 
rom such other tests as can be readily made 

686 Method b. 

data 1S nf C0J fh StS m COmpUtmg the regulation from experimental 

factor satiimtio ° pen "circuit saturation curve and the zero-power- 
factor saturation curve. The latter curve, or one approximat- 



wiih "ove^ excitation 1 "’ ° an ^ ° btamed by running the generator 

ation on a load of idle-running: under-exeitpd ?vn 

io»°«T.hC? , Tte ?° W " ™>» “«•« conditionals ^ 

—“ 

. To a PP J y Method b, it is necessary to obtain from tact m, 
circuit saturation curve OA Fig the open- 

zero Power factor and rated-ioadcirent th ! f SatUratl0n —e SC at 
Oc, the voltage that would k» • a ! At any glven excitation 
mina. ^ 

drop is ab. The terminal Ju i * ’ nd the a PP af ent internal 

.bon" bo found by drawing ’“ITf 1“ V™ — 

— - . Y rawing an e.m.f. diagram* a s in Fig. 2, where <f> is 

from no-load and CUrVe> at any &ssi ^ Power factor, 

garded as empirical. Ite Talue depe n 1s 00 '°" £*7*- ° btained by . teSt ' muat be «- 
strated the reasonable correctness of the results obta^ed^rit! 1116 ” 6110 * haS demon ' 
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an angle such that cos (f> is the power factor of the load, b c the resist¬ 
ance drop ( IR ) in the stator winding, ba the total internal drop, and 
ac the total induced voltage; ba and ac being laid off to correspond 
with the values obtained from Fig. 1. The terminal voltage at power 
factor cos (j), is then cb of Fig. 2, which, laid off in Fig. 1, gives point d. 
By finding a number of such points, the curve Bdd' for power factor 
cos <j> is obtained and the regulation at this power factor (expressed in 


per cent) is 


, since a’d' is the rise in voltage when the load 


at power factor cos (j> is s thrown off at normal voltage c'd '. 

Generally, the ohmic drop can be neglected, as it has very little 
influence on the regulation, except in very low-speed machines 
where the armature resistance is relatively high, or in some cases 
where regulation at unity power factor is being estimated. For low 
power factors, its effect is negligible in practically all cases. If 




resistance is neglected, the simpler e.m.f. diagram, Fig. 3, may be 
used to obtain points on the load saturation curve for the power 
factor under consideration. 

686 Method c. 

Where it is not possible to obtain by test a zero-power-factor sat' 
uration curve as in Method b, this curve can be estimated closely from 
open-circuit and short-circuit curves, by reference to tests at zero 
power factor on other machines of similar magnetic circuit. Having 
obtained the estimated zero-power-factor curve, the load satura¬ 
tion for any other power factor is obtained as in method b. 

Thus Method c is the same as Method b; except that the zero-power- 
factor curve must be estimated. This may be done as follows. In 
Fig. 4, OA is the open-circuit saturation curve and OE the short-cir¬ 
cuit line as shown by test. The zero-power-factor curve corresponding 
to any given current# F will start frompoint#,andformachines design¬ 
ed with low saturation and,low reactance, will follow parallel to OA as 
shown by the dotted curve BD, which is OA shifted horizontally par¬ 
allel to itself by the distance OB. In high-speed machines, or in others 
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reactance aad a low degree of saturation in the magnetic 

lariv r,' H aCt ° r CUrve Wil1 He < 3 u * te to BD, particu- 

i, * h ° Se P arts that are used for determining the regulation. This 

eehef tf? turb<> £ enerators and high-speed water-wheel 

will devint’ f n CaSI ; S ’ bowever ’ the zero-power*factor curve 

most nr °f ’ aS Sh0Wn by SC - and the deviati °" Will be 

Td W n + - in , ^ aChineS ° f high reactance ' bi g b saturation, 
Withref/t T e nn leakage - The P osit: ° n of the actual curve BC 
hv . i a °“ to BD < can be approximated with sufficient exactness 
f 1 ? a ‘ ng th ® corres P° ndin g relation as obtained by test at zero 
cS of -° n m ^ C f neS of similar characteristics and magnetic 
results' of t Curve C can be calculated by methods based' on the 

the «nt f ! Zer ° P0WW faCt0r - After BC bas be en obtained, 

T and regulation for a «y other power factor can 
be derived as in Method (b). . 



of 


Regulation for Constant-Potential 


687 Tests and Computation 
Transformers. 

and ^measuring the cba be det f mined b y fading the transformer 

fied powerffictof Tffif With change in load > at 'he sped- 

tests, particularly on large transformers y " 6 f ° r Sh ° P 

The regulation for any specified load, and power factor mu h, 
computed from the measured P , T lactor can 

as follows: mpedance watts and impedance volts, 

Let: 

? “ ‘ le test and 

: SSr c sisr* * th * % 

- Rated Primary Current. 

- Rated Primary Voltage. 


E m 

IX 

I 

E 
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589 


TRANSFORMER CONNECTIONS 

(These rules do not apply to auto-transformers) 

600 Scope. These rules specify the markings of leads brought out of 
the case but not the markings of winding terminals inside of the case, 
except that these terminals shall be marked with numbers in any 
manner that will permit of convenient reference and that cannot be 
confused with the markings of the leads brought out of the case. 

Note —It is recognized that special cases will arise from time to time that these 
rules will not cover and that it would be very difficult to cover by any set of general 
rules. 

601 Markings of Leads, (a) In General. The leads shall be dis¬ 
tinguished from one another by marking each lead with a capital 
letter followed by a number. The letters to be used are: H for 
high-voltage leads, X for low-voltage leads and Y for tertiary-winding 
leads. The numbers to be used are 1, 2, 3, etc. 

Note. —By “tertiary winding” is meant a third winding that, compared with both of 
the other two windings, has smaller kv-a. rating than either or, if the kv-a. rating is the 
same as one or both of the other two, has lower voltage. 

E. j., if a transformer has three separate windings, one for 1000 kv-a., 33,000 volts, one 
for 600 kv-a., 550 volts and one for 400 kv-a. 6,600 volts, the 400-kv-a. winding is the 
tertiary winding. 

Or, if a transformer has three separate windings each with a capacity of 1,000 kv-a.. 
and with voltages or 33,000, 6,600 and 550 respectively, the 550 volt winding is the 
tertiary winding. 

According to this definition neither one of two similar windings arranged for series- 
parallel connection is to be classed as a tertiary winding. 

(b) A neutral Lead shall be marked with the proper letter followed 
by 0, e.g., HO , XO. 

Exception. —A lead brought out from the middle of a winding for some other use, than 
that of neutral lead, e.g., a 50 per cent starting tap, shall be marked as a tap lead. 

602 Diagrammatic Sketch of Connections. The manufacturer shall 
furnish with each transformer a complete diagrammatic sketch 
showing the leads and internal connections and their markings and 
the voltages obtainable with the various connections. 


fir 

fi* 


percent drop in phase with current, 
percent drop in quadrature with current 

'2 


IX 


V'w-(f) 


q r = 100 


ff * *100 
Then- 


EI 

IX 


E 


1. For unity power factor, we have approximately 


Per cent regulation = q r + 


JZje 

200 


2. For inductive loads of power-factor m and reactive-factor w, 

( mq x ~ nq r ) 2 

Per cent regulation = mq r -f nq x H-- 
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This sketch should preferably be on a metal plate attached to the 
transformer case. 


SINGLE PHASE TRANSFORMERS 

603 Order of Numbering Leads in any Winding. The leads of any 
winding (high-voltage, low-voltage or tertiary) brought out of case 
shall be numbered 1, 2, 3, 4, 5, etc., the lowest and highest numbers 
marking the full winding and the intermediate numbers marking 
fractions of winding or taps. All numbers shall be so applied that 
the potential difference from any lead having a lower number toward 
any lead having a higher number shall have the same sign at any 
instant. 


If a winding is divided into two or more parts for series parallel 
connections, and the leads of these parts are brought out of case, 
the above rule shall apply for the series connection with the addi¬ 
tion that the leads of each portion of winding shall be given consec¬ 
utive numbers. 


Hi H2 



Hi H2 



604 Relation of Order of Numbering Leads of Different Windings. 

The numbering of the high-voltage and low-voltage leads shall be so 
applied that when H\ and X\ are connected together and voltage 
applied to the transformer, the voltage between the highest numbered 
H lead and the highest numbered X lead shall be less than the vol¬ 
tage of the full high-voltage winding. 

The same relation shall apply between high-voltage and tertiary 
and low-voltage and tertiary winding. 

606 Polarity. When leads are marked in accordance with the above 
rules, the polarity of a transformer is 
Subtractive when H 1 and Xi are adjacent. 

Additive when Hi is diagonally located with respect to Xi. 



bon of H x Lead. To simplify the work of connecting trans 
formers m parallel it is recommpn A rr i , . ectm g trans¬ 
it th J V. , + , * recommended that the Hi lead shall be brought 

case the nght hand sxde of the case, facing high-voltage side of the 


607 Parallel Operation. 

ance with these rules 


Transformers having leads marked in accord- 
may be operated in parallel by connecting 
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similarly marked leads together, provided their ratio, voltages, 
resistances and reactances are such as to permit parallel operation. 

In some cases design may be such as to permit parallel operation, although dire to the 
difference in the number of tap leads, the leads to be connected together may not ave e 


same number. 


THREE PHASE TRANSFORMERS 


608 Marking of Full Winding Leads. The (3) high-voltage leads and 
the .(3) low-voltage leads which connect to the full-phase wind¬ 
ings, shall be marked Hi, H 2 , Hs , and X\, X 2 , X 3 . The full-phase 
winding of a tertiary winding shall be marked Y 1 , Y 2 , Y 3 . 

609 Relation between High- and Low-Voltage Windings, (a) The 

markings shall be so applied that if the phase sequence of voltage on 
the high voltage side is in the time order Hi, H 2 , FI 3 it is in the time 
order of, X h X 2 Xz on the low-voltage side and, Y 1 , F 2 F 3 for a 


tertiary winding. . 

(b) Angular Displacement. In order that the markings of lea 

connections between phases shall indicate definite phase relations, 
they shall be made in accordance with one of the three three-phase 
groups as shown. The angular displacement between the high- 



voltage and low-voltage windings is the angle in each of the voltage 
vector diagrams ^between the lines passing from its neutral point 

through HI and XI respectively. . 

Group (3) may also be represented by the diagrams herewith and 
transformers marked according to them will parallel with those 
given above by connecting similarly marked leads.. They are, 
therefore, superfluous but are given to simplify the application of the 


rule. 



610 TapfLeads. (a) Where tap leads are brought out^of the case 
(neutral lead excepted) they shall be marked with the proper letter 
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followed by the figures 4, 7, etc., for one phase, 5, 8, etc.., for another 
phase and 6, 9, etc., for the third phase. 

(b) Star Connection. The order of numbering tap leads shall be 
as follows: 4, 7, etc., from lead 1 towards neutral; 5, 8, etc., from lead 
2 towards neutral; and 6, 9, etc., from lead 3 towards neutral. 

611 Interphase Connection made Outside of Case. Where the inter¬ 
phase connections are made outside of case, the leads will be marked 
with the proper letter followed by the numbers 1, 4, 7, 10, etc., for 
one phase; 2, 5, 8, 11, etc., for the second phase; and 3, 6, 9, 12,etc.,, 
for the third phase. 

The markings shall be so applied that when a star connection is made 
by joining together the highest numbered leads of each phase, all 
rules here given, excepting rule (601b) apply. 

612 Parallel Operation. Transformers having leads marked in 
accordance with these rules may be operated in parallel by connecting 
similarly marked leads together provided their angular displacements 
are the same and provided also their ratios, voltages, resistances, and 
reactances are such as to permit parallel operation. 

Note. In some cases designs may be such as to permit parallel operation although, due 
to a difference in the number of tap leads, the leads to be connected together are not simi¬ 
larly marked. 

613 Location of HI Lead. To simplify the work of connecting trans¬ 
formers in parallel it is recommended that the HI lead shall be 
brought out on the right hand side of the case, facing the high- 
voltage side of the case. 


THREE-PHASE TO SIX-PHASE TRANSFORMERS 

614 Rules for Three-Phase Transformers that are Applicable. Rules 
609b and 611 shall apply to three-phase to six-phase transformers. 

Rules 608 and 610 shall apply to three-phase windings but not to 
six-phase windings. 

616 Markings of Six-Phase Leads. The six leads which connect to 
the full-phase windings shah be marked XI, X2, X3, X/+, X5 , XG. 

616 Relation between Three-Phase and Six-Phase Windings, (a) 

The markings shall be so applied that if the phase sequence of voltage 
on the three-phase side is in the time order HI, H2, H3, it is in the 
time order of XI, X2 , X8 , X4-, XS, X6 on the six-phase side. 



____Six Phase Transformers 

Group-4 

Angular 

Displacement 

0° 

X3 

X2^A_X4 H2 

X 

X2 \ 
A ' xi-"^ 

^Hs X6 

3 

/X4 

^X5 

Group-5 

Angular 

Displacement 

30 ° 

Hy. X2. ,X3 H2 

/A W J 

Hi - 'Hs xb' Vs Hi^ 

X2 

Xl< C 

_ S '"'' s H3X6 

X 

X 

-X3- 

]>X4 

X5 




STANDARDIZATION RULES OF THE A. I. E. E* 


1813 


(b) Angular Displacement. In order that the markings of lead 
connections between phases shall indicate definite phase relations, 

they shall be made in accordance with one of the two six-phase 
groups shown. The angular displacement between the high-voltage 
and low-voltage windings is the angle in each of the voltage vector 
diagrams from its neutral through HI and XI respectively. 

617 Tap Leads. Where tap leads from low-voltage windings are 

brought out of the case (neutral lead excepted), they shall be marked 
as follows: 

(a) Diametrical Connection tap leads shall be marked from the 
two ends of each phase winding towards the middle or neutral point 
in the following order; X7 , X13, etc., from XI towards neutral; X8 , 
XI4, etc., from X2 towards neutral; X9 , X1S, etc., from XS towards 
neutral; X10 , X16 , etc., from X4 towards neutral; Xll, X17, etc., 
from XS towards neutral; XI2, X18 , etc., from X6 towards neutral. 

A tap from the middle point of any phase winding, not intended 
as a neutral, shall be given a number determined by counting from 
XI , X2 or X3 and not from X4 , XS, or X6; e.g ., if the only taps 
brought out are 50 per cent starting taps, they shall be numbered 
X7, X8 , and X9. 

(b) Double Delta Connection. Tap leads shall be marked in the 
following order; X7 , X13, etc., from XI towards XS; X8, XU, etc., 
from X2 towards X4; X9, X15, etc., from X3 towards XS; X10, 
X16 t etc., from X4 towards X6 ; Xll, XI7, etc., from XS towards 
XI; X12 , X18, etc., from X6 towards X2. 

Note.—F or starting purposes it is generally customary to bring out only two taps from 
one delta and start three-phase. 

INFORMATION ON THE RATING PLATE OF A MACHINE 

620 It is recommended that the rating plate of machines which 
comply with the Institute rules shall carry a distinctive special 
sign, such as “ A.I.E.E. 1918 Rating” or “A18” Rating. 

621 The absence of any statement to the contrary on the rating plate 
of a machine implies that it is intended for continuous service and for 
the standard altitude and ambient temperature of reference. See 
§§ 287 , 306 , 308 and 309 . 

622 The rating plate of a machine intended to work under various 
kinds of rating must carry the necessary information in regard to 

those kinds of ratings. 
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STANDARDS FOR WIRES AND CABLES 

TERMINOLOGY* 

Wire.— A slender rod or filament of drawn metal. 

The definition restricts the term to what would ordinarily be under- 
stood by the term “ solid wire.” In the definition, the word “ slender” 
is used in the sense that the length is great in comparison with the 
diameter. If a wire is covered with insulation, it is properly called an in¬ 
sulated wire; while primarily the term “ wire ” refers to the metal, ncver- 
theless when the context shows that the wire is insulated, the term “wire “ 
will be understood to include the insulation. 

036 Conductor. A wire or combination of wires not insulated from 
one another, suitable for carrying a single electric current. 

The tenn conductor is not to include a combination of conductors 

insulated from one another, which would be suitable for carrying several 
different electric currents. 

RoUed cundurtors (such as busbars) are. of course, conductors, but ar. 
not considered under the terminology here given. 

637 Stranded Conductor.— A conductor composed of a group of 
wires, or of any combination of groups of wires. 

gether. ^ * 8tranded conduc *or are usually twisted or braided to- 


638 


Cable. ( 1 ) A stranded conductor (single-conductor cable); or 
W a combination of conductors insulated from one 
another (multiple-conductor cable). 

.oh^or C s”~andlrr f <* cable may be either 

insul at Lre“t 'o T^« may 0r may W a common 

second land is a moo r,f J ^“ d °J ° able 13 a single conductor, while the 

by somemanufa^tmem^ “TsoiM ““‘n”' S* “ CabIe " “ app >‘* d 
this usase arises frZiL ld heavlly in3ulated and lead-covered; 

is norfnduded under ^ in3Ulation ' but such a conducto 

« general °, ^ ^ “ Cable " '* 

A small cable is called a “ strand/ 1 ” apph ®f only to the la «*er si*e«. 
defined below. Cables mav h k Wlr . C 0r a * cord *" both of which are 

mored with lead, or with steel riTo,“S“' aD4 be ai> 

condiKdor~° ne * ^ °* grou P s of "*»». of any stranded 

Stranded Wire_A 0 ^,,^ * 

A Z l b f° UP SmaU WireSt USed as a sin S le wire. 

If such a filament*^subdivided iltf" ° f drawn m * ta >- 

If used as a wire, for examole i« J £ ? tr f nded Wlre and a “ cable.” 
called a stranded wire and not a cahl ** T T? uctance C ° ilS 0r magnets * it is 
it called a “ cord,” defined below ^* ** lt 18 8ubstantlalIy ^aulated. it 
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641 Cord. —A small cable, very flexible and substantially insulated to 
withstand wear. 

There is no sharp dividing line in respect to size between a “ cord 
and a 44 cable/' and likewise no sharp dividing line in respect to the character 
of insulation between a “ cord ” and a “ stranded wire.” Rubber i» 
used as the insulating material for many classes of cords. 

642 Concentric Strand. —A strand composed of a central core 
surrounded by one or more layers of helically-laid wires or groups of 
wires. 


643 Concentric-Lay Cable.—A single-conductor cable composed of a 
central core surrounded by one or more layers of helically-laid wires. 


644 Rope-Lay Cable. —A single-conductor cable composed of a 
central core surrounded by one or more layers of helically-laid 
groups of wires. 

This kind of cable differs from the preceding in that the main strand* 
are themselves stranded. 


646 N-Conductor Cable. —A combination of N conductors insu¬ 
lated from one another. 

It Is not intended that the name as here given be actually used. 
would instead speak of a ** 3-conductor cable,” a 12-conductor cable 
etc. In referring to the general case, one may speak of a ” multiple-con¬ 
ductor cable ” (as in definition §638 above.) 


646 N-Conductor Concentric Cable.— A cable composed of an 
insulated central conducting core with (N — 1) tubular stranded con¬ 
ductors laid over it concentrically and separated by layers of in¬ 
sulation. 

This kind of cable usually has only two or three conductors. Such < c ^® s ^ e t t t se 2 
in carrying alternating currents. The remark on the expression N-conductor . 
given for the preceding definition applies here also. 

647 Duplex Cable. —Two insulated single-conductor cables, twisted 
together. 

They may or may not have a common insulating covering. 


648 Twin Cable. —Two insulated single-conductor cables laid paral¬ 
lel, having a common covering. 

649 Triplex Cable. —Three insulated single-conductor cables 

twisted together. 

They may or may not have a common insulating covering. 

660 Twisted Pair. —Two small insulated conductors, twisted to¬ 
gether, without a common covering. 

The two conductors of a “ twisted pair ” are usually substantially in¬ 
sulated, so that the combination is a special case of a ” cord. 

661 Twin Wire. —Two small insulated conductors laid parallel, 
having a common covering. 


SPECIFICATION OF SIZES OF CONDUCTORS 
652 The sizes of solid wires shall be stated by their diameter m mils, the 
American Wire Gage (Brown and Sharpe) sizes being taken as stand¬ 
ard. The sizes of stranded conductors shall be stated by their cross- 
sectional area in circular mils. For brevity, in cases where the most 
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careful specification is not required, the sizes of solid wires may be 
stated by the gage number in the American Wire Gage, and the sizes of 
stranded conductors smaller than 250,000 circular mils (Le. f No. 0000 
A.W.G. or smaller) may likewise be stated by means of the gage 
number in the American Wire Gage of a solid wire having the 
same cross-sectional area. Futhermore, an exception is made in the 
case of Flexible Stranded Conductors,” for which see §655 below. 
In stating large cross-sections, it is sometimes convenient to use 
a circular inch (50/ sq. mm.) instead of 1,000,000 circular mils. 


STRANDING 

653 Cables not requiring special flexibility shall be stranded in ac¬ 
cordance with the following table. 


TABLE XII 

Standard Stranding of Concentric Lay-Cables 


1 

. 

Number of Wires (See note 2) 

SI2E 

A 

1 1 
B 

(See note 1.) 

Bare, insulated or weather¬ 
proof cables for aerial use. 

Insulated cables for other 
than aerial use. 

2.0 Cir. Inches 

1.5 

1.0 

91 

61 

61 

127 

91 

61 

0.6 “ 

! 0.5 

1 0.4 « 

37 

37 

61 

37 

s 

19 

37 

] 0000 A. W. G. 

1 00 “ 

19 or 7 (See note 3.) 

19 

| 2 « 

7 

19 

f 

7 

7 . 

; 7 and smaller 

i 

| 

f T* _ . ■ * 

* • 

7 


O rft * ; use strandln g for next larger size. 

2. Conductors of 0000 A. W a 

stranding should not be interpreted 1 ?. ^ ^ ? ften made solid and this table of 

3. Class A cable, sizes 0000 ^ ff G 

and 19 strands when insulated or weatherproof'^ 7 made of 7 strand s when bare 

cable shsofbe Mnsidered^o^the sfum of ^ SS ' SeCti ° nal . area of a 
Its component wires, when measured perpeadicJw ° f 
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656 Flexible Stranding. Conductors of special flexibility should 
ordinarily be made with wires of regular A.W.G. sizes,* the number of 
wires and size being given. The approximate gage number or ap¬ 
proximate circular mils of such flexible stranded conductors may be 
stated. The stranding of standard flexible cables is given in Table 
XIII and a tentative stranding for apparatus cable in Table XIII-A. 


TABLE XIII 

Stranding of Flexible Cables 


Nearest 

A.W.G. 

size 

(see Note 1) 

Circular 

mils 

(see Note 3) 

Diam. 

of 

cable. 

Mils 

No. of 
wires 

Size of ea 

A.W.G. 

ch wire 

Diam. 

Mils 

Make-up 
(see Note 2) 


2039000 

1885. 

703 

15.5 

53.9 

37 X 19 


1816000 

1779. 

it 

16.0 

50.8 

tt 


1617000 

1679. 

tt 

16.5 

48.0 

u 


1440000 

1584. 

u 

17.0 

45.3 

it 


1284000 

1496. 

u 

17.5 

42.7 

tt 


1103000 

1372. 

427 

16.0 

50.8 

61 X 7 


874600 

1222. 

it 

17.0 

45.3 

u 


693600 

1088. 

it 

18.0 

40.3 

tt 


550000 

969. 

ti 

19.0 

35.9 

it 


436200 

863. 

a 

20.0 

32.0 

it 


345900 

768. 

a 

21.0 

28.5 

it 


274300 

684. 

u 

22.0 

25.3 

I u 

• * 

264600 

671. 

259 

20.0" 

32.0 

37 X 7 

0000 

209800 

598. 

it 

21.0 

28.5 

it 

000 

171300 

538. 

133 

19.0 

35.9 

19 X 7 

00 

135900 

479. 

U 

20.0 

32.0 

tt 

0 

107700 

427. 

a 

| 21.0 

28.5 

tt 

1 

82780 

332. 

91 

20.5 

30.2 

Concentric 

2 

65650 

295. 

it 

21.5 

26.9 

tt 

3 

52060 

263. 

it 

22.5 

23.9 

« 

4 

39190 

228. 

61 

22 0 

25.3 

it 

5 

31080 

203. 

it 

23.0 

22.6 

it 

6 

24650 

181. 

it 

24.0 

20.1 

a 

8 

17410 

152. 

a 

25.5 

16.9 

tt 

10 

10560 

118. 

37 

25.5 

16.9 

tt 

12 

6642 

94. 

it 

27.5 

13.4 

u 

14 

4176 

74. 

“ 

29.5 

10.6 

tt 


Smaller 


To equal 
Required 
Size 


30.0 


Bunched 


Note 1 . The A.W.G. sizes except for 61 strands are approximated within 2 per 
cent. In the case of 61 strand cables the approximation is 6 per cent. 

Note 2. “61 X 7” in the description of a rope-lay cable signifies 61 strands of 

7 wires each. y . ,. , 

Note 3. Circular mils are based on theoretical diameters of A.W.G. sizes wnicn 

vary above or below values given in table by less than 0.1 mil. 

'*Where necessary to closely approximate a regular size cable, the strands may be 
made of half-size wires from No. 15 to No. 30 h, W, Q. 
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TABLE XIII-A 

Proposed Standard Stranding of Apparatus Cables 

(This table is offered for consideration but will not be recommended for final 
adoption until ratified by other societies interested.) 


Nearest 
A.W.G. 
size 


Circular 
mils 


0000 
000 
00 
0 
1 
2 

3 

4 

5 

6 

see Note 2. 


2053000 

1828000 

1628000 

1450000 

1291000 

1150000 

1054000 

938900 

836100 

744600 

663100 

590500 

525900 

451900 

402200 

358200 

319000 

284000 

253000 

217600 

172500 

136800 

104600 

82990 

65820 

52200 

42610 

33800 

26800 


of 


(see Note l) (see Note 3) Mils 


1900. 

1793. 

1692. 

1597. 

1500. 

1422. 

1357. 

1282. 

1209. 

1141. 

1076. 

1016. 

959. 

887. 

837. 

790. 

746. 

704. 

664. 

609. 

543. 

483. 

422. 

376. 

335. 

298. 

268. 

239. 

213. 


ir No. of 

5 wires 

Size of each wire 

A.W.G 

Diam. 

Mils 

2257 

20.5 

30.2 

it 

21.0 

28.5 j 

it 

21.5 

26.9 

it 

22.0 

1 25.3 

tt 

22.5 

23.9 

it 

23.0 

22.6 

1159 

20.5 

30.2 

it 

21.0 

28.5 , 

it 

21.5 

26.9 

it 

22.0 

25.3 

it 

22.5 

23.9 

te 

23.0 

22.6 

it 

23.5 

21.3 

703 

22.0 

25.3 ; 

U 

22.5 

23.9 

u 

23.0 

22.6 

u 

23.5 

21.3 

it 

24.0 

20.1 

it 

24.5 

19.0 

427 

23.0 

22.6 e 

it 

24.0 

20.1 

it 

25.0 

17.9 

259 

24.0 

20.1 3 

it 

25.0 

17.9 

it 

26.0 

15.9 

tt 

27.0 

14.2 

133 

25.0 

17.9 1' 

tt 

26.0 

15.9 

tt 

27.0 

14.2 


Make-up 


61 X 37 

it 

II 

U 

it 

u 

61 X 19 

it 

it 

it 

it 

a 


tt 

it 

a 

it 

tt 

X 

tt 

it 

X 

it 

u 

it 

X \ 

u 

a 


Note 2 , are a PP roxiI *ated within 3 per cent. 

NoSs' r ““H* than No. 6 see table XIII. 

of the component ^tk. S ^ baSCd ° n the0reti ° al d!ameters of A.W.G. diameters 


condmor KeafeTthal^ resi f ance and mass of a stranded 
sectional area, depending oa tli 1^« h 8 “?® 

I. t, c: in ’tv" s,r “ d - 

"~W»S long «„ ,h, “u“ r *” ob - 
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CONDUCTIVITY OF COPPER. 

676 The following I. E. C. rules are adopted:* 

The following shall be taken as normal values for standard an¬ 
nealed copper: 

(1) At a temperature of 20°C. } the resistance of a wire of 
standard annealed copper one meter in length and of a uniform 
section of 1 square millimeter is 1/58 ohm = 0.017241... .ohm. 

(2) At a temperature of 20°C., the density of standard annealed 
copper is 8.89 grams per cubic centimeter. 

(3) At a temperature of 20°C , the “constant mass" tem¬ 
perature coefficient of resistance of standard annealed copper, 
measured between two potential points rigidly fixed to the wire, is 
0.00393 = 1/254.45.. . . per degree centigrade. 

(4) As a consequence, it follows from (1) and (2) that, at a tem¬ 

perature of 20 °C. the resistance of a wire of standard annealed 
copper of uniform section, one meter in length and weighing one 
gram, is (1/58) X 8.89 = 0.15328.ohm.f§ 

676 Copper Wire Tables. The copper-wire Tables published by the 
Bureau of Standards in Circular No. 31 are adopted. These Tables 
are based upon the I. E. C. rules stated in §675. 


HEATING AND TEMPERATURE OF CABLES. 

677 Maximum Safe Limiting Temperatures. 

The maximum safe limiting temperature in degrees C. at the 
surface of the conductor in a cable shall be:— 

For impregnated paper insulation (85—E) 

“ varnished cambric (75 E) 

“ rubber insulation (60—0.25E) 

where E represents the r.m.s. operating e.m.f. in kilovolts be¬ 
tween conductors. _ . . 

Thus, at a working pressure of 3.3 kv., the maximum safe limit¬ 
ing temperature at the surface of the conductor, or conductors, in 

a cable would be:— 

For impregnated paper 81.7°C. 

“ varnished cambric. 71.7°C. 

** rubber insulation 59.2°C. 


678 


ELECTRICAL TESTS. 

Lengths Tested. Electrical tests of insulation on wires and 
cables shall be made on the entire lengths to be shipped. __ 

*See X. E. C. Publication No. 28 "International Standard of Resistance for Cop. 


sr” March 1914. ,, -AmatimM railed “volume re- 

tParagraphs (1) and (4) of § 675 define w a ar expressed in other 

stivity,” and "Mass resistivity respectively. microhms in a 

lits as follows:—volume resistivity - 1-7241 - resistivity - 875.20 

n. cube) at 20° C. - 0.67879 microhm-inch at 20 C.. and mass resisti 

ims (mile, pound) at 20 C. 

§For detailed specifications of commercial copper, 
ons” of the American Society for Testing Materials. 


see the “Standard Specifica- 
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679 Immersion in Water. Electrical tests of insulated conductors not 
enclosed in a lead sheath, shall be made while immersed in water after 
an immersion of twelve (12) consecutive hours, if insulated with rub¬ 
ber compound, or if insulated with varnished cambric. It is not 

necessary to immerse in water insulated conductors enclosed in a lead 
sheath. 

In multiple-conductor cables, without waterproof overall jacket 
of insulation, no immersion test should be made on finished cables, 
but only on the individual conductors before assembling. 

680 Dielectric-Strength Tests. Object of Tests. Dielectric tests 
are intended to detect weak spots in the insulation and to deter¬ 
mine whether the dielectric strength of the insulation is sufficient for 
enabling it to withstand the voltage to which it is likely to be sub¬ 
jected in service, with a suitable factor of assurance. 

. ittitially-applied voltage must not be greater than the work¬ 
ing voltage, and the rate of increase shall not be over 100 per cent 
in 10 seconds. 

681 . Factor of Assurance. The factor of assurance of wire or cable 

insulation shall be the ratio of the voltage at which it is tested to that 
at which it is used. 


682 Test Voltage. The dielectric strength of wire and cable insula¬ 
tion shall be tested at the factory, by applying an alternating test 
voltage between the conductor and sheath or water. 

683 The Magnitude and Duration of the Test Voltage should depend 
upon the dielectric strength and thickness of the insulation, the 
ength and diameter of the wire or cable, and the assurance factor 
required, the latter in turn depending upon the^ importance of the 
service in which the wire or cable is employed 

684 The following test voltages shall apply unless a departure is con¬ 
sidered necessary, in view of the above circumstances. Rubber 
covered wires or cable for voltages up to 7 kv. shall be tested in 
accordance with the National Electric Code. Standardization for 

higher voltages for rubber insulated cables is not considered possible 
at the present time. r 


Varnished cambric and impregnated paper insulated wires or cables 
shall be tested at the place of manufacture for five (5) minutes in 
accordance with the Table XIV below. 


TABLE XIV 

Recommended Test Kilovolts Corresponding to Operating Kilovolts 


Opera ting kv. 
Below 0.5 
0.5 
1 
2 

3 

4 


Test kv. 

Operating kv. 

2.5* 

— - - - 

3 

10 

4 

15 

6.5 

A 

20 

9 

25 

11.5 


Test kv. 


14 

25 

35 

44 

53 


*The minimum thickness of insulation shallbe fg in. ( 1.6 mm.) 
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Different engineers specify different thickness of insulation for 
the same working voltages. Therefore, at the present time the test 
kv. corresponding to working kv. given in Table XIV are based 
on the minimum thickness of insulation specified by engineers 
and operating companies.! 

686 The Frequency of the Test Voltage shall not exceed 100 cycles per 
second, and should approximate as closely as possible to a sine wave. 
The source of energy should be of ample capacity. 

686 Where Ultimate Break-Down Tests are required, these shall be 
made on samples not more than 6 meters (20 ft.) long. The maximum 
allowable temperature at which the test is made for the particular 
type of insulation and the particular working pressure, shall not be 
greater than the temperature limits given in § 677. 

687 Multiple-Conductor Cables. Each conductor of a multiple-con¬ 
ductor cable shall be tested against the other conductors con¬ 
nected together with the sheath or water. 

INSULATION RESISTANCE 

688 Definition. The insulation resistance of an insulated conductor 
is the electrical resistance offered by its insulation, to an impressed 
voltage tending to produce a leakage of current through the same. 

689 Insulation Resistance shall be expressed in megohms for a speci¬ 
fied length (as for a kilometer, or a mile, or one thousand feet), and 
shall be corrected to a temperature of 15.5° C.. using a temper^ 
ture coefficient determined experimentally for the insulation under 
consideration. 

690 Linear Insulation Resistance, or the insulation resistance of Unit 
Length, shall be expressed in terms of the megohm-kilometer, or 
the megohm-mile, or the megohm-thousand-feet. 

691 Megohms Constant. The Megohms Constant of an insulated 
conductor shall be the factor “ K ” in the equation 

R - K log io “ 

a 

where R « The insulation resistance,’in megohms, for a specified 
unit length. 

D =x Outside diameter of insulation. 
d *=* Diameter of conductor. 

Unless otherwise stated, K will be assumed to correspond to the mile 
unit of length. 

692 Test. The apparent insulation resistance should be measured 
after the dielectric-strength test, measuring the leakage current 
after a one-minute electrification, with a continuous e.m.f. of from 
100 to 600 volts, the conductor being maintained negative to the 

sheath or water. _____ 

+The Standards Committee does not commit itself to the principle of basing 
test voltages on working voltages, but it is not yet in possession of sufficient data 
to base them upon the dimensions and physical properties of the insulation. 
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693 Multiple-Conductor Cables. The insulation resistance of each 
conductor of a multiple-conductor cable shall be the insulation re¬ 
sistance measured from such conductor to all the other conductors in 
multiple with the sheath or water. 


694 


696 


CAPACITANCE OR ELECTROSTATIC CAPACITY 

Capacitance is ordinarily expressed in microfarads. Linear Ca¬ 
pacitance, or Capacitance per unit length, shall be expressed in 
Microfarads per unit length (kilometer, or mile, or one thousand feet) 
and shall be corrected to a temperature of 15.5° C. 

Microfarads Constant. The Microfarads Constant of an insu¬ 
lated conductor shall be the factor “ K ” in the equation 

~ K 


Log io' 


D 


the mile 


696 


697 


698 


where C the capacitance in microfarads per unit length. 

D — the outside diameter of insulation 
d = the diameter of conductor. 

Unless otherwise stated, K will be assumed to refer to 
unit of length. 

cab^T^T h ° f GapaCi i anCe - The Capacitance of low-voltage 
■ 11 be measured by comparison with a standard 

condenser. For long lengths of high-voltage cables where it is 

ma C d e e S Tt y T ^ Capacitance * the measurement should be 

Paired Cablls^The^DaT^^hT, ° f ° peration ' 

two conductors of any pair the^ther wfr ^ “ eaSUred between the 
sheath or ground. 7 P ’ “ ther wires bem £ connected to the 

voltage cables^s^eMrall^r/bumtle 3 ' Capacitance low - 

of high-voltage cables should he lm P° r ance. The capacitance 

tors, and also between eaS eondrr" 6 ^ the Conduc ' 

connected to the lead sheath or ground. ^ ° ther COnductors 

Multiple-Conductor Cables (not nairerh mi, 
each conductor of a multiDle-crmH, + P f, The ca P a citance of 

measured from such conducto t < ' orcable shall be the capacitance 
«p>. «tb a. “ ,h " <" 



STANDARDIZATION RULES OF THE A. I. E. E. 


1823 


STANDARDS FOR CONTROLLERS, CIRCUIT-BREAKERS. 
SWITCHES, FUSES AND ACCESSORIES* 

GENERAL DEFINITIONS 

The following definitions are tentative. Criticisms and suggestions, 
addressed to the Secretary of the Standards Committee, will be wel¬ 
comed. 

700 Conducting Parts. —Those parts designed to carry current or 
which are conductively connected therewith. 

701 Contact. —The surface common to two conducting parts, united 
by pressure, for the purpose of carrying current. 

702 Grounded Parts. —Those parts which may be considered to 
have the same potential as the earth. 

703 “Air” as a Prefix. —The prefix “air” applied to a device which 
interrupts an electric circuit indicates that the interruption occurs 
in air. 

704 “Oil” as a Prefix —The prefix “oil” applied to a device which 
interrupts an electric circuit indicates that the interruption occurs 
in oil. 

706 Fume-Resisting. —Apparatus is designated as fume-resisting when 

so constructed that it will not be readily injured by the specified 
fumes. 

706 Drip-Proof. —Apparatus is designated as drip-proof when so pro¬ 
tected as to exclude falling moisture or dirt. Drip-proof .apparatus 
may be either open or semi-enclosed, if it is provided with suitable 
protection integral with the apparatus, or so enclosed as to exclude 
effectively falling solid or liquid material. 

707 Dust-Proof.— Apparatus is designated as dust-proof when so 
constructed or protected that the accumulation of dust within or 
without the device will not interfere with its successful operation. 

707a Dust-Tight. —Apparatus is designated as dust-tight when so 

constructed that the dust will not enter the enclosing case. 

708 Explosion-Proof. —Apparatus is designated as explosion-proof 

when so constructed that explosions of gas within the casing will not 
injure it or ignite inflammable gas outside it. ___ 

♦The “National Electrical Code” of the National Fire Protection Association deals with 
certain capacities of circuit-breakers up to 550 volts and of switches and fuses up to 

V °The question of establishing uniform rules for apparatus coming under this classification 
is under consideration by the A. I. E. E. Standards Committee and the ectrica om 
mittee of the N. F. P. A. 
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710 


711 


712 


713 


709 Gas-Proof. Apparatus is designated as gas-proof when so con¬ 
structed or protected that the specified gas will not interfere with 
its successful operation. 

709a Gas-Tight. Apparatus is designated as gas-tight when so con¬ 
structed that the specified gas will not enter the enclosing case. 

Moisture-Resisting. Apparatus is designated as moisture- 
resisting when so constructed or treated that it will not be readily 
injured by moisture. (Such apparatus shall be capable of operating 

in a very humid atmosphere, such as found in mines, evaporating 
rooms, etc.) 

Splash-Proof. Apparatus is designated as splash-proof when so 
constructed or protected that external splashing will not interfere 
with its successful operation. 

Submersible.-—Apparatus is designated as submersible when so 
constructed that it will operate successfully when submerged in water 
under specified conditions of pressure and time. 

Sleet-Proof. Apparatus is designated as sleet-proof when so 
constructed or protected that the accumulation of sleet will not 
interfere with its successful operation. 

■ Under-Voltage or Low-Voltage Release.— A term applied to a de¬ 
vice which on the reduction or failure of voltage operates to cause 
he interruption of power to the main circuit, but which does not 
prevent the re-establishment of the main circuit on return of voltage. 

n4a the^; V0ltage i° r l L0W ' V0ltage Protection -—A device which, on . 

the interning ° f f EllUre ° f Voltage ’ °P era tes to cause and maintain 

voltage ^fow° n °l P ° Wer t0 the main «rcuit,is said to provide under- 
voltage or low-voltage protection. 

715 pow!r a in‘ F ot Ure Pn f Cti0 “-- A device which, on the failure of 

maintain the po * yphase C1 rcuit, operates to cause and 

saW to ZovLl^ T P ° Wer ° n the refflai *i»g circuits, is 

saia to provide phase-failure protection. 

"“of S dCTi “ Wi!a - » a. reversal 

malntl “ d 

provide phase-reversal protection ClrCUltS ’ 15 Sald t0 


714 


' CONTROLLERS 

control in some^mdetertiiled 06 ’ ° r 2r °? P ° f dev j ces > wlli ch serves to 
to which it is connected. ? nner the operation of the apparatus 

an electric lnterru P tin K 

717a Temperature of Contactors.— 

Operating Coils for Contactors ti, r 
ture rise of operating cods for ,7 J Hg observabl C tempera- 
when measured by thermometer. gnetlC contac t°rs shall be 70°C. 
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Temperature of Contacts. —The limiting observable temperature 
rise for the contacts of magnetic contactors shall be the following: 

65 C. rise for laminated contacts 
100° C. “ “ solid 

Current Carrying Parts Insulated With Asbestos or Other Fire Proof 
Insulation. The limiting observable temperature rise for current 

carrying parts insulated with asbestos or other fire proof material 
shall be 150° C. 


CIRCUIT-BREAKERS. 

718 Circuit-Breaker.— A circuit-breaker is a device (other than a fuse) 
constructed primarily for the interruption of a circuit under infre¬ 
quent abnormal conditions. 

719 Rating. The rating of a circuit-breaker or switch includes (1) the 
normal r. m. s. current which it is designed to carry; (2) the normal 
r. m. s. pressure (voltage) of the circuit on which it is intended to 
operate; (3) the normal frequency of the current; (4) the inter¬ 
rupting capacity of the device (see §720). 

720 Interrupting Capacity. By interrupting (breaking or rupturing) 
capacity is meant the highest r. m. s. current at normal voltage 
which the device can interrupt under prescribed conditions at stated 
intervals a specified number of times. 

721 Temperature Tests.—Rated current at rated frequency shall be 
applied continuously until the temperature becomes constant. 
The maximum temperatures of the varipus parts shall not exceed the 
following when the ambient temperature of reference is 40° C.: 

Contacts in air when clean and bright.. 70° C. 

Oil and contacts therein.70° C. 

Coils (see §§376 to 379 inch) 

Other parts (see §392) 

The Institute calls attention to the inherent decrease in capacity of 
switch and circuit-breaker contacts in air, due to oxidization of the 
contact surfaces. The rating of air switches and circuit-breakers is, 
therefore, based on sufficient maintenance to keep the temperature 
within the specified limits. 

722 Dielectric Tests.—For apparatus of 600 volts or less see §§482,484, 
486, and 600. Apparatus above 600 volts shall be tested at 2\ times 
rated voltage, plus 2,000 volts, at a specified altitude. 

As a supplementary test, devices for outdoor use should be capable 
of withstanding for 10 seconds a dielectric wet test at twice rated 
voltage plus 1,000 volts. This assumes a precipitation downward of 
0. 1 inches per minute at an angle of 45° from the perpendicular, with 
water having a resistivity as low as 7,000 ohm-centimeters. 

SWITCHES 

Switch.—A switch is a device for making, breaking or changing the 
connections in an electric circuit. 


723 
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724 Master-Switch.—A master-switch is a device which serves to 
govern the operation of contactors and auxiliary devices of an elec¬ 
tric controller. 

24a Control Switch.—A control switch is a switch for controlling 
electrically-operated switches and circuit breakers. 

724b Auxiliary Switch.—An auxiliary switch is a switch actuated by 
some main device, for signalling, interlocking, etc. 

725 Rating *—Same as for circuit-breakers; see §§719 and 720. 

726 Tests.—Same as for circuit-breakers; see §§721 and 722. 


FUSES 

727 Fuse. A fuse is an element designed to melt or dissipate at 
a predetermined current value, and intended to protect against 
abnormal conditions of current. 

Any terminals, tubes, etc., integral with this element are included 
as part of the fuse. 

Fuses may be divided into two classes: 

(A) Those designed to protect the circuit and apparatus both 
against short-circuit and against definite amounts of overload ( e.g 

fuses of the National Electric Code which open on 25 per cent over¬ 
load.) 

# ®) Those designed to protect the system only against short- 
circuits; (e.g, expulsion fuses, which blow at several times the current 
which they are designed to carry continuously). The line separating 
these two classes is not definitely fixed. 

728 Continuous Current Carrying-Capacity of a Fuse.—Fuses shall 

be so constructed that they will carry continuously 110 per cent of 
their rated current. 

0 

729 Temperature.—The temperature of coils or windings (such as 
accompany fuses of the magnetic blow-out type) shall not exceed the 

1 T ltS ,?fJ° r maoWne coUs having the same character of insulation. 
(See §§ 3 7 6 to 379). The highest temperature for the fuse proper 
should not exceed the safe limit for the material employed. 


KiSJLAxo 

730 _ Relay.—A relay is a device by means of which contacts in one 

circuit are operated by change in conditions in the same or other 
circuits. 

731 Temperature Tests.—Same as § 721. 

732 Dielectric Tests.—Same as § 722. 

lightning arresters 

Definition. A lightning arrester is a device for protecting circuits 
shor^durltion.^ 11184 Ughtning ° f ° ther abnormal potential rises of 
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Rating. Arresters shall be rated by the voltage of the circuit on 
which they are to be used. 

Lightning arresters may be divided into two classes: 

(a) Those intended to discharge for a very short time. 

(b) Those intended to discharge for a period of several minutes. 

736 Performance and. Tests. Dielectric Test same as §722. 

The resistance of the arrester at double potential and also at 
normal potential, shall be determined by observing the discharge 
currents through the arrester. 

(c) In the case of any arrester using a gap, a test shall be made 
of the spark potential on either direct-current or 60-cycle a-c. ex¬ 
citation. 

(d) The equivalent sphere gap under disruptive discharge shall 
also be measured, using a considerable quantity of electricity. 

(e) The endurance of the arrester to continuous surges shall 
be tested. 


PROTECTIVE REACTORS 

736 Definition. A reactor (See §§82 and 214) is a device for protecting 
circuits by limiting the current flow and localizing the disturbance 
under short-circuit conditions. 

737 Rating. 

(a) In kilovolt-amperes absorbed by normal current. 

(b) By the normal current, frequency and line (delta) voltage 
for which the reactor is designed. 

(c) By the current which the device is required to stand under 
short-circuit conditions. 

738 Performance and Tests. 

The Heat Test shall be made with normal current and 
frequency applied until the temperature is constant. The tem¬ 
perature should not exceed the safe limits for the materials em¬ 
ployed. See §§376 to 379. 

739 Dielectric Test. 2J times line voltage plus 2000, for one minute, 
from conductor to ground. 

Note. The reactor shall be so designed as to be capable of 
withstanding, without mechanical injury, rated current at normal 
frequency, suddenly applied. 

RESISTOR OR RHEOSTAT 

740 D efinition. Any device heretofore commonly known as a resistance, 
used for operation or control. (See (81) See National Electric Code. 

740a Temperature of Resistors.— 

Cast Grid Resistors— The limiting observable temperature nse 

for cast grids used as resistors shall be 350 C. 
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INSTRUMENT TRANSFORMERSf 
[For Meters and Instruments see §§225 to 244.] 

741 Instrument Transformer. —An instrument transformer, is a trans¬ 
former suitable for use with measuring instruments; that is, one in 
which the conditions of phase and of current or potential in the 
primary circuit, are represented with acceptable accuracy in the 
secondary circuit. An instrument transformer may be either an 
instrument current transformer or an instrument potential (voltage) 
transformer. 

742 Instrument Current Transformers on Open Secondary Circuit.— 
Under conditions of open secondary circuit, current transformers shall 
be capable of carrying continuously rated primary current without 
damage to the primary insulation and without interruption of 
service. 

743 Instrument Current Transformers on Closed Secondary Circuit.— 
Under conditions of closed secondary circuit, current transformers 
shall withstand 40 times rated current applied for 1 second, without 
injury. 

744 For further definitions relative to instrument transformers, see §5 
205 to 207. For dielectric tests of instrument potential (voltage) 
transformers see § 500. The dielectric tests of instrument current 
transformers shall be the same as specified in' § 509. 

fThe terms load, secondary load" and “secondary connected load" have been 
used in connection with the constants of the circuit connected to the secondary of a cur¬ 
rent transformer. It is suggested that the term “secondary burden” be used as a general 
term to designate this external resistance and inductance and shall be expressed quanti 
tatively in terms of ohms and henrys. 
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STANDARDS FOR ELECTRIC RAILWAYS 

DEFINITIONS 

760 Transmission System: When the current generated for an 
electric railway is changed in kind or voltage, between the gen¬ 
erator and the cars or locomotives, that portion of the conductor 
system carrying current of a kind or voltage substantially different 
from that received by the cars or locomotives, constitutes the trans¬ 
mission system.* 

761 Distribution System: That portion of the conductor system 
of an electric railway which carries current of the kind and 
voltage received by the cars or locomotives, constitutes the distri¬ 
bution system* 

762 Substation: A substation is a group of apparatus or ma¬ 
chinery which receives current from a transmission system, changes 
its kind or voltage, and delivers it to a distribution system. 


RATING OF RAILWAY SUBSTATION MACHINERY 

763 Continuous Rating. The rating of a .substation machine shall 
be the kv-a. output at a stated power factor input, which it will 
deliver continuously with temperatures or temperature rises not 
exceeding the limiting values given in Sections 376 and 379 and also 
fulfilling the other requirements set forth in these rules and sum¬ 
marized in Section 260. 

764 Momentary Loads. These machines should be capable of carrying 
a load of twice their rating for one minute, after a continuous run at 
rated load, without disqualifying them for continuous service. 

766f Nominal Rating. Where the continuous rating is inconvenient, 

the following nominal rating may be used. The nominal rating of a 
substation machine shall be the kv-a. output at a stated power factor 
input, which, having produced a constant temperature in the machine 
may be increased 50 per cent for two hours, without producing 
temperatures or temperature rises exceeding by more than 5°C. the 
limiting values given in §376 and 379. These machines should be 
capable of carrying a load of twice their nominal rating for a peno 
of one minute, without disqualifying them for continuous service. 
The name plate should be marked “ nominal rating. 


CONDUCTOR AND RAIL SYSTEMS. 

766 Contact Conductors. That part of the distribution system other 
than the traffic rails, which is in immediate ele ctrical contact with 

—These definitions are identical in sense, although not in words with those 
of the Interstate Commerce Commission, as given in their Classification 

f ° t?he C no “Tting should be applied fonly to machinery and apparatus 
carrying traction loads. 
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the circuits of the cars or locomotives, constitutes the contact 
conductors. 

767 Contact Rail: A rigid contact conductor. 

768 Overhead Contact Rail: A contact rail above the elevation 
of the maximum equipment line, f 

769 Third Rail: A contact conductor placed at either side of the 
track, the contact surface of which is a few inches above the level 
of the top of the track rails. 

770 Center Contact Rail: A contact conductor placed between the 
track rails, having its contact surface above the ground level. 

771 Underground Contact Rail: A contact conductor placed 
beneath the ground level. 

772 Gage of Third Rail: The distance, measured parallel to the 
plane of running rails, between the gage line of the nearer track rail 
and the inside gage line of the contact surface of the third rail. 

773 Elevation of Third Rail: The elevation of the contact-surface 
of the third rail, with respect to the plane of the tops of running 
rails. 


774 Standard Gage of Third Rails: The gage of third rails shall 

be not less than 26 inches (66 cm.) and not more than 27 inches (68.6 
cm.). 

776 Standard Elevation of Third Rails: The elevation of third 
rails shall be not less than 2 f inches (70 mm.), and not more than 
3} inches (89 mm.). 

776 Third Rail Protection: A guard for the purpose of preventing 
accidental contact with the third rail. 

777 Trolley Wire: A flexible contact conductor, customarily sup¬ 
ported above the cars. 


778 Messenger Wire or Cable: A wire or cable running along with 
and supporting other wires, cables or contact conductors. 

A primary messenger is directly attached to the supporting system, 
secondary messenger is intermediate between a primary messenger 
and the wires, cables or contact conductors. 


779 


781 


782 


Classes of Construction: Overhead trolley construction will be 
classed as Direct Suspension and Messenger or Catenary Suspension . 

m wVT E i?+^ 1C f SP iT NSI0N ^ forms of overhead trolley construction 
m which the trolley wires are attached, by insulating devices, directly 
to the mam supporting system. 

tr l ESSm ° R Catenary Suspension: All forms of overhead 

able J “ nstr “ ctlon m wlllch the trolley wires are attached, by suit- 

carried^the °T ° r , m ° re messe nger cables, which in turn may be 

c^ltund r r Stmp e C l tenary ’ by primary messengers, or in 
Compound Catenary, t.e., by secondary messengers. 

Supporting Systems shall be classed as follows: 

P0rtTiL£ R flf : M '“ SYSTEMS: Those systems having at each sup- 
port a single flexible span across t he track or tracks. 

opI^tfa e e 0 cmditton.' h embrac " "oss-sectioa. of «dl rolling stock under all normal 
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784 Messenger Cross-Span Systems: Those systems having at each 
support two or more flexible spans across the track or tracks, the upper 
span carrying part or all of the vertical load of the lower span. 

786 Bracket Systems: Those systems having at each support an 
arm or similar rigid member, supported at only one side of the track 
or tracks. 

786 Bridge Systems: . Those systems having at each support a rigid 
member, supported at both sides of the track or tracks. 

787 Standard Height of Trolley Wire on Street and Interurban 
Railways: It is recommended that supporting structures shall be 
of such height that the lowest point of the trolley wire shall be at a 
height of 18 feet (6.5m.) above the top of rail under conditions of 
maximum sag, unless local conditions prevent. On trackage opera¬ 
ting electric and steam road equipment and at crossings over steam 
roads, it is recommended that the trolley wire shall be not less 
than 21'feet (6.4m.) above the top of rail, under conditions of max¬ 
imum sag. 

RAILWAY MOTORSf 


RATING 


800 


801 

802 


Nominal Rating: The nominal rating of a railway motor 
shall be the mechanical output at the car or locomotive axle, measured 
in kilowatts, which causes a rise of temperature above the surrounding 
air, by thermometer, not exceeding 90 °C. at the commutator, 
and 75 °C. at any other normally accessible part after one hour’s 

continuous run at its rated voltage (and frequency in the case of an 
alternating-current motor) on a stand with the motor covers ar¬ 
ranged to secure maximum ventilation without external blower. 
The rise in temperature as measured by resistance, shall not exceed 

100 °c.* 


The statement of the nominal rating shall also include the corres¬ 
ponding voltage and armature speed. 

Continuous Rating: The continuous ratings of a railway 
motor shall be the inputs in amperes at which it may be operated 
continuously at i, f and full voltage respectively, without ex¬ 
ceeding the specified temperature rises (see §805), when operated on 
stand test with motor covers and cooling system, if any, arrange asm 
service. Inasmuch as the same motor may be operated under different 
conditions as regards ventilation, it will be necessary in each case o 


* This definition differs from that in the 1911 edition of the 
the substitution of a kilowatt rating for the horse-power rating and theomissi 
reference to a room temperature of 25 C. For the purposes o ese practise 

power shall be taken as 746.0 watts. On account of the hitherto sent 
of expressing mechanical output in horse-power, it isrecommen e • ^ 

the capacity be expressed both in kilowatts and m hors -p 


mely, 


kw.- 


-approx. equiv. h.p.- 


order to lay stress upon the preferred future basis, it is desirable that> 
ites, the rating in kilowatts shall be shown in larger and more J> 

3 tn the capacity in horse power. 

I See p.lso Appendix IL 
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define the system of ventilation which is used. In case motors are 
cooled by external blowers, the flow of air on which the rating is 
based shall be given. 

803 Maximum Input. The subject of momentary loads for railway 
motors is under investigation. 


804 


805 


TEMPERATURE LIMITATIONS 
The allowable temperature in any part of a motor in service will be 
governed by the kind of material with which that part is insulated. 
In view of space limitations, and the cost of carrying dead weight 
on cars, it is considered good practice to operate railway motors 
for short periods at higher temperatures than would be advisable 
in stationary motors. The following temperatures are permissible: 

TABLE XV 

Operating Temperatures of Railway Motors 


Class 

of 

Material 

See §376 
to 379. 

Maximum Observable 
Temperature of windings 
when in continuous service. 

By 

Thermometer 
See §345 

By 

Resistance 

A 

85 

110 

B 

100 

130 


For infrequent occasions, due to extreme ambient temperatures, 
it is permissible to operate at 15° higher temperature. 

V ith a view to not exceeding the above temperature limitatio: s, 

t e continuous ratings shall be based upon the temperature rises 
tabulated below: 

TABLE XVI 

Stand-Test Temperature Rises of Railway Motors* 



Temperature Rises 

Class 

of windings 
——.- —, - _ 

of 



Material 

By 

By 

See §376 

Thermo- 

Resis- 

meter 

tance 

to 379 

See §345 

A 

65 

85 

B 

80 

105 


i e v r’ 1=rfrom that - ^ 

ventilation. d t t and servlce temperatures, as affected by 
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806 Field-Control Motors. The nominal and continuous ratings of 

control motors shall relate to their performance with the ope 

field which gives the maximum motor rating.- ac . , . - t 

6,5 windings stall b. .!«,«•« to perform the serve, requited of 

without exceeding the specified temperature rises. 


CHARACTERISTIC CURVES 


810 


811 


812 


The Characteristic Curves of 

i‘. c ^r.r t c r i .he«— -» 

also be plotted as ordinates. 

• * ^& /iirprt-ciirrent motors sli&ll be bets© 

Characteristic curves of direct c multiple 

upon full voltage, which shall be taken as 600 volts, or a multip 
thereof 

In the case of field-control motors, characteristic curves shall be 
given for all operating field connections. 


efficiency and losses 


RiK Tt. p pfficienev of railway motors shall be deduced from 
8 dettamitatiorTof tta losses —« in !8!6 «c .80. (8» 

§ 1100 and 1101.) 

816 The copper loss shall be determined from resistance measurements 
corrected to 75° C. 

817 The no-load core loss, brush friction, armature-bearing friction 
and windage shall be determined as a total under the followi g 

conditions: . 

In making the test, the motor shall be run without gears^ 

The kind of brushes and the brush piessure s 
Tame as in commercial service. With the field separately ex¬ 
cited such a voltage shall be applied to the armature terminals as 
» lT gitatbt .am. speed tor an, given field current as n *- 
with that field entreat when operating at normal voltage rmtedo.J 
The sum of the losses above-mentioned, is equal to the prod 
the counter-electromotive force and the armature curren . 

818 The core loss in d-c. motors shall be separated From the friction 
and windage losses above described by measuring the power, required 
to drive the motor at any given speed without gears, by 
as a series motor on low voltage and deducting t is °ss * 
sum of the no-load losses at corresponding speed. (See §110 

alternative method). 

The friction and windage losses under load shall be assumed o 
be the same as without load, at the same speed. 

The core loss under load shall be assumed as followi: 
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TABLE XVII 

Core Loss in D-C. Railway Motors at Various Loads. 


Per cent of Input 
at Nominal Rating 

Loss as Per cent of 
No-load Core Loss 

200 

165 

150 

145 

100 

130 

75 

125 

50 

123 

25 and under 

122 


aeslgnea tor contr ol the core losses shall be assumed as the 
same for both full and permanent field. It shall be the mean between the no-load losses 
st full and permanent field, increased by the percentages given in the above Table. 


819 


820 


The brush-contact resistance loss to be used in determining the 

efficiency, may be obtained by assuming that the sum of the drops at 

the contact surfaces of the positive and negative brushes is three 
volts. 

The losses in gearing and axle bearings for single-reduction single- 
geared motors, varies with type, mechanical finish, age and lubrication. 

e following values, based on accumulated tests, shall be used 
m the comparison of single-reduction single-geared motors. 

TABLE XVIII 


Per Cent of Input 
at Nominal Rating 

Losses as I 

Per Cent of Input 

200 

150 

125 

3.5 

3.0 

2.7 

100 

75 j 

60 

2.5 

2.5 

2.7 

50 

40 

30 

3.2 

4.4 

6.7 

I 25 

8.5 

nr f Urthe J investigation may indicate the desirability of i 

Of the losses for full and tapped fields, or low- and hfZpefd'mo 


831 


ELECTRIC LOCOMOTIVES 

Rating. Locomotives shall h» „t,j • 

drivers, nominal one-hour tractive effort 11 contT' Weight ° n 

and corresponding speeds. ' contmu ° us tractive effort 

Weight on Drivers. The weight , • 

*1*11 be the sum of the weights carr^ ^T,' 6XpreSSed in P^nds, 
drivers themselves. 2 d by the dnvers and of the 
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832 Nominal Tractive Effort: The nominal tractive eff , P the 
pounds, shall be that exerted at the nms of the dn , 

motors are operating at their nominal (one-hour) rating. 

833 Continuous Tractive Effort. The continuous tractive rfort^ex- 
nressed in pounds, shall be that exerted at the nms of the dnv 
when the motors are operating at their full-voltage con muou 

ing, as indicated in §802. service the 

In the case of locomotives operating on mtermUten ^ 

continuous tractive effort may be given for } or 1 voltage, but 

such cases the voltage shall be clearly specified. 

834 Speed: The rated speed, expressed in miles P er our - 
that at which the continuous tractive effort is exer M' M 

See also Appendix II on Additional Standards for Railway Motors. 

RATING OF AUTOMOBILE PROPULSION MOTORS 

AND GENERATORS 

(ROAD VEHICLES) 

„ ..„ a ntnmnhile orooulsion motors and generators 

835 Continuous Rating. Automob 1 p P kilowatts output 

shall be given a continuous rating, expreissea m ^ be 

available at the shaft at specified without exceed ing 

able to operate continuously at their ratea o p 

any of the limitations referred to in §260. . . , 

836 Short-Time Rating. Owing to the variety of ^ . d {or 

vehicles are called upon to perform, no single standard period 

short-time ratings is recommended. # , f 

837 Nominal Rating. No special nominal rating is q 

automobile^ propulsion motors or &nd ^ cogt of 

838 Temperature Rises. Owing to sp ., d good practice 

carrying dead weight on automobiles J than 

to operate the propulsion machinery at higher temp ^ 
would be advisable in stationary machines. The g 

ZSLJL .nd rn. 

C5 —“ rssrss —* b °™ 

„f automobile ptopul.ion machmee Srf in (MO. 

at the shaft, using “eat influence of brush- 

When such machines are of low voltag , g r _ 

contact losses on the efficiency «^ * at theSe 

mined experimentally for the type of brush used, . 
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860 


861 


852 


853 


DEFINITIONS and UNITS for 
ILLUMINATION AND PHOTOMETRY 

The following Sections, 850 to 895, are abstracts from the rules of 

lt * ^Eliminating 

g neenng Society. They are here included by permission. 

uminous Flux is radiant power evaluated according to its ca- 
pacity to produce the sensation of light. 

lengSts“watioti?h n \^ f ° r radiation ° f a particular wave- 
ducfng it luminous flux to the radiant power pro- 

of °/ th t Sti T 1US COeHicient - K m, over any range 

is +• S (*f’ 0r for the whoIe Vls ible spectrum of any source 

!t:t <in “**■ 

g p second > but more commonly in watts). 

01 * soor “ o! “t ht “ •»• 

guiar density of the luminous flux emitted by the source in the 
direction considered; or it is the flux per unit sJid a^m that 

Defining equation: 

Let 7 be the intensity, F the flux and CO the solid angle, 
then if the intensity is uniform, 

F 


I = 


CO 


851 ° v “ tha * 
Defining equation: 

Tta S' th ‘ 


E — 


£ 

S ’ 


865 


tion^Sborttorielof^Lrr^eafR 11 ? 7 maintained ^ the Na- 

Cfl „ . ranCe ’ Great Britain, and the United States. 1 

power, uminous intensity expressed in candles. 

unit solid angl^ I (steradkn) n b US flUX ’ CqUal t0 the flUX emitted in a 

Lux, a unit “T ^ °“ Candle -P 0 - r ■ , 

The C. G. Si unit of illuminationis2 ™ P6T S<JUare meter ’ 

For this unit Blondel has , lumen per s ^ uare centimeter. 

lumen per squarecenWterTmdr nam6 “ Phot '’ 0aa «ami- 

derivative of 

the international candle. many o er countries, is frequently referred to as 

2 A uniform source of one candle emits 4. lumens. 


856 

857 

858 
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the C. G. S. system. One foot-candle is one lumen per square foot 
and is equal to 1.0764 milliphots. emitted 

860 Specific l.mlncus radiation, ft. !«»»«“ IL f 7. 

by a surface, or the flux emitted per unit of emissive area, 
expressed in lumens per square centimeter. 

Defining equation: 

Let E' be the specific luminous radiation. 

For surfaces obeying Lambert’s cosine law of emissio . 

E' = TTbo. 4 

The Lambert the C. G. S. Unit of Brightness, the brightness of a 
863 The Lambert, me c,. v*. n rpflppt iTi?one lumen per square 

perfectly diffusing surface radiating or t g erfect i y dif- 

centimeter. This is equivalent to to unity and 

fusing surface having a coefficien 

illuminated by one phot. . . ,, 

... PnT most rturnoses, the millilamhert ( 0.001 lambert) is the preferable 

i ff A perfectly diffusing surface emitting one lumen 
practical unit a pens * f x Q76 m iilil a mberts. 

per square foot will have a brightness oi i.u 

. in /-onrflps net sauare centimeter may be 
866 Brightness expressed m candles per squ 

reduced to Lamberts by multiplying by IT. reduced 

Brightness .-pressed in c.ndl<J p« "£^ 44 *. 452. 

to foot-candle brightness, by multiplying y , reduced 

Brightness e-pr«sed in candles P«r W»» 

rise 

8 ee 

diffuse or mixed. In perfect regular reflection, 

r o^r t zsA* - - 

regular and diffuse 

867 ^Coefficient of regular reflection is the ratio of the luminous flux 

reflected regularly to the total incident ux. t lim i n0 us flux 

888 Coefficient .1 diHo.e tetlefe. i. the rah. d the l«n«n.«a 
reflected diffusely to the total incident flux. 

SScien, reflection (regular or d»™e>. 

Then, for any given portion of the sur ace, 
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869 

870 


Lamp, a generic term for an artificial source of light. 

Primary luminous standard, a recognized standard luminous 
source reproducible from specifications. luminous 

Representative luminous standard, a standard of luminous in 

ortheVntt P aS the aUth0ritative cu stodian of the accepted value 

it J' fereMe standard, a standard calibrated in terms of the unit from 

bration of w 111 ^ “l Standard and used for the cali- 

oration of working standards. 

“ r ““ a * rdi " a 

Comparison lamp, a lamp of constant but not necessarily known 

«*■ *« ;l°z: 

successrv eiy compared m a photometer. 

Test lamp, in a photometer,—a lamp to be tested. 

Performance curve, a curve representing the behavior of a lamo 

m any particular (candle-power, consumption etc ) at different- 
periods during its life. umprion, etc.; at different 

verieW aCteriStiC - CUrTe ’ a Curve ex P ressin ff a relation between two 

candid Pr ° Per f ° f a lummous source . as candle-power and volts 
candle-power and rate of fuel consumption, etc. 

luminousTnte D ^ tributlon Cu rve. A polar curve representing the 

ufar to tVe ! /., a lamP> ° r Kghtin ^ unit - » a plane perpendi- 

lar to the axis of the unit, and with the unit at the origin 

lu^finSSyTa lamp,"or fjw ZTin "‘ 7 “** ^ 

oiherwtfspecified *£* *™ with the unit a * ^origin.* Unless 
otnerwise specified, a vertical distribution curve is assumed to be 

obtTed*IT?? di T Uti ° n CUrV6 ' SUCh aS cases £ 

. 10 atln ^ unit about its axis and measuring the aver¬ 
age intensities at the different elevations Tt ie «« , ^ 

in vertical elevations. It is recommended that 

y® rti c al distribution curves, angles of elevation shall be counted 
positively from the nadir as zero, to the zenith as 180 degree” ll 

tributio 6 ° mca . ndescent lam Ps, it is assumed that the vertical dis¬ 
tribution curve is taken with the tip downward 

880 m !' ,B t h . ori f ntal candle-power of a lamp,-the average candle- 
power m the horizontal plane oassinv thrmio-Ti i • “ 

the lamp. ^ ^ tnrough the luminous center of 

•InXJJSSSZ? <0t '?»?«“ “““) “ 

tt. »d. of . r Z.“' '.»P, -1th 

luminous to o, ,.„ p , » SSU Jy *° ,h ' 

Mean hemispherical candle-power of a lamn /%■,—o , 
the average candle-power of a lamn in ( PP6r °' lower) ~ 

It is equal to the total luminous flux emb-t dT^^f Considered - 
hemisphere, divided by 2 r * 6d by the lam P- in that 


871 


872 


873 


874 


876 

876 


877 


878 


879 


881 


882 
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r i 0 i-nr»_the average candle-power 

883 Mean zonal candle-power of lamp, h ^ ^ g ^ luminous 

of a lamp over the given zone. I ^ by tbe solid angle of 
flux emitted by the lamp m that zone, divided oy 

884 Spherical reduction factor of a lampr-tberatioof the mean sphen 
cal to the mean horizontal candi e-P^ o ^ ^ ^ candle . power 

886 Photometric Tests in which . h ^ ^ source o£ light that the 

should be made at such a ooint Where tests are made 

latter may be regarded as practice y P results sbou ld always 

' in the measurement of lamps with rele ,t distance employed, 

be given as “ apparent candle-power at Jthe <us 

which distance should always be specif! y ^ ^ 

886 The output of all iUuminants should hasis instead of a candle- 

887 Illuminants should be rated upon a lumen basis 

power basis. i« mn = should be stated in lumens 

888 The specific output of elect ™ illumina nts depending upon 

per watt; and the specific output ofJ 1 ™ 1 ™ ^ v ^ The 

combustion should be rtatedinjum should be disc ouraged. 

use of the term efficiency ^mnloved in circuit with a 

When auxiliary devices ar ®!Tnclude both that in the lamp and 
lamp, the input should be taken to^include > ^ ^ ^ ^ the 

that in the auxiliary devices. erlv chargeable to the lamp. 

of an arc lamp are pr«P« ^ ^ 

889 Tic Specific j, , t,™ «cd comnre.ci.Uy 

tion per lumen. Watts per cand d denotes watts 

in connection with electric incandescent lamps, and d 

per mean horizontal candle-power. _ be 

880 Life Tests. 

assumed to operate unde P ^ Life-test results, m order 
',o”Tco"p”S,°m“. rather conducted node,, or rednc.d to. 

comparable condition, of ^ only >ho „ld their 

891 In Comparing Different Lummo d ’ tive {orm , brightness, 

candle-power be compared, but also their re ^ 

distribution of illumination and character of light. o{ 

892 Lamp Acfcessories. A reflector ^ a u apphance direc . 

which is to redirect the luminous flux of a lamp 

tion or directions. . ' . . . , 

893 A Shade is an appliance, the chie . j where such flux 

interrupt the “mmoniy combinraf 

is not desirable. The function, of a snaae 

with that of a reflector. _ diffusing materials, 

894 A Globe is an protect the lamp, or to diffuse its 

the chief use of which is either p 

llght ' _-—————* » tr ‘ 1 * h * 

-OM b* *■/ 4* . 

cylindrical filament obeying the cosine 1 
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896 TABLE XIX. 

Photometric Units and Abbreviations. 


Photometric 

quantity 


Name of 
unit 


Abbreviations, 
Symbols and defining 
equations 


1. Luminous flux 

2 . Luminous intensity 

3. Illumination 

4. Exposure 

5. Brightness 


Lumen 

Candle I 


Phot., foot-candle, E 
lux 


F. # 

dF 


dco 


,T 


dF 

dS 


d& 
dco ' 

I 


cp. 


cos d.fi 


6 . Normal brightness 

7. Specific luminous 

radiation 

8 . Coefficient of re¬ 

flection 


Phot-second 

t E 

Apparent candles 
per sq. cm. 

Apparent candles 

, dl 

0 = —-— 

dS cos 6 

per sq. in. 

Lambert 


Candles per sq. cm. 

dS 

h dI 

Candles per sq. in. 

dS 

Lumens per sq. cm. 

Lumens per sq. in. 

E' - 7t5o/3' 


m 


E' 

E 


scp 

lep 

ucp 

zcp 


0,0001 phot 


9. Mean spherical candlepower 

10. Mean lower hemispherical candlepower 

11. Mean upper hemispherical candlepower 

12. Mean zonal candlepower 

13. 1 lumen is emitted by 0.07958 spherical cp. 

14. 1 spherical candlepower emits 12.57 lumens. 

UX „ = l lumen lnci dent per square meter 
=“ 0.1 milhphot. 

10. 1 phot = 1 lumen incident per sq cm — innnn _ 

milliphot. p q ‘ cm - ~ 10-000 lux « 1000 

17. 1 milliphot = 0.001 phot = 0.929 foot-candle 

8. 1 foot-candle = 1 l ume n incident per square foot i n 7 « -it- 
phot a 10.76 lux P square toot = 1.076 milli- 

’ lumen, emitted, per square foot* =* i H7A -in 

S f Sri = aalsSr’ p* squats 

24. 1 candle per sq. cm. = S.HlTlamberts Candles per s * in ' 

__Jj *ndle per sq, in. - 0 ,4868 lamberts = 486 8 milm , . 

.Perfect diffusion assumed!-~~--- 486.8 m illllamberts. 



STANDARDIZATION RULES OF THE A. I. E. E. 


1841 


DEFINITIONS FOR TELEPHONY AND TELEGRAPHY 


(See also §§407 to 409.) 

910 Many of the following definitions are tentative and not yet fully 
established. Criticisms and suggestions, addressed to the Secretary 
of the Standards Committee, will be welcomed. Some of the defini¬ 
tions are specific to telephony, and differ in detail from similar 
definitions appearing in other parts of the rules. 

911 Damping of a Circuit. The damping at a given point in a circuit 
from which the source of energy has been withdrawn, is the pro¬ 
gressive diminution in the effective value of electromotive force 
and current at that point resulting from the withdrawal of elec¬ 
trical energy. 

912 Damping Constant. —The damping constant of a circuit is a 
measure of the ratio of the dissipative to the reactive component of 
its admittance or impedance. 

Applied to the admittance of a condenser or other simple circuit 
having capacity reactance, the damping constant for a harmonic 
electromotive force of given frequency is the ratio of the conductance 
G, of the condenser or simple circuit at that frequency to twice the 
capacitance, C, of the condenser at the same frequency, (G/2C). 

Applied to the reactance of a coil or other simple circuit having 
inductive reactance, the damping constant for a harmonic current of a 
given frequency is the ratio of the resistance, R , of the coil or circuit 
at that frequency to twice the inductance, L , at the same frequency 
(R/2 L). 

913 Equivalent Circuit. —An equivalent circuit is a simple network of 
series and shunt impedances, which, is the approximate electrical 
equivalent of a complex network. 

914 tl T” Equivalent Circuit. —A ‘T equivalent circuit is a triple-star 
or " F’ connection of three impedances externally equivalent to a 
complex network. 

Symbol: 



914a “I Equivalent Circuit.” An “ 1 ” equivalent circuit is a connection 
of five impedances in the form shown below, which is externa y 
equivalent to a complex network. It differs from the T equivalent 
circuit in that the impedances are arranged symmetrically on the 
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two sides of the circuit which is often desirable in connection with 
practical problems, as indicating that the circuit is balanced with 
respect to ground, —. 


fr "— * — vA/V\AA/' — * 

915 “ir" Equivalent Circuit.—A “l r” equivalent circuit is a delta con¬ 
nection of three impedances externally equivalent to a complex 


network. It is also called a “ Z7” equivalent circuit. 
Symbol: t -VVAVVVV—t 



916a “0” Equivalent Circuit.—An “ 0 ” equivalent circuit is a connection 

of four impedances in the form shown below, externally equivalent 
to a complex network. It differs from the 7r equivalent circuit in 
that the impedances are arranged symmetrically on the two sides of 
the circuit, which is often desirable in connection with practical prob" 
lems, as indicating that the circuit is balanced with respect to ground. 

—vvwvwv — ♦ 


AA/VVVVVV 


916 


917 


Note: As ordinarily considered, the simple networks as defined, are the electrical 
equivalents of complex networks only with respect to definite pairs of terminals. 

IMPEDANCE 

Mutual Impedance.—The mutual impedance for single frequency 
alternating currents, between a pair of terminals and a second pair 
of terminals of a network, under any given condition, is the negative 
ratm of the electromotive force produced between either pair of 
ermmals on open circuit to the current flowing between the other 

mutual impedance A reCeiving ' end im pedance is an example of a 

of ThS s . elf_,m P edance between a pair of terminals 

fotivffn k ’ Un f- er / ny glVen condition < ^ the ratio* of the electro- 
otive force applied across the terminals to the entering current. 


JU1XTJC/ 


VHAKAUXERISTICS 


» <*"*«««** taped™. of . u». 

no rat.c of the epphed electt.metiv. f„,ee to the reeultinj ,.tead,- 

Single frequency voltages and currents arP hTZ l ..:- 7 -—- 

complex numbers. Their ratio is therefore a complex number *° r6preSented ^ 
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state current upon a line of infinite length and uniform structure, or 
of periodic recurrent structure. 

Note: In practice, the terms (1) line impedance. (2) surge impedance, (3) iterative 
impedance. (4) sending-end impedance, (5) initial sending-end impedance, (6) final 
sending-end impedance, (7) natural impedance and (8) free impedance, ha PP 
ently been more or less indefinitely and indiscriminately used as synonyms with wha 
is here defined as “characteristic impedance.” 

919 Sending-End Impedance. —The sending-end impedance of a line is 
the ratio* of the applied electromotive force to the resulting stea y- 
state current at the point where the electromotive force is applied^ 

Note: See note under “Characteristic Impedance”. In case the line is of infinite 
length of uniform structure or of periodic recurrent structure, the sendmg-en im¬ 
pedance and the characteristic impedance are the same. 

920 Propagation Constant. —The propagation constant, of a uniform 
line, or section of a line of periodic recurrent structure, is the natural 
logarithm of the ratio* of the steady-state currents at various points 
separated by unit length in a uniform line of infinite length, or a 
successive corresponding points in a line of recurrent structure of 
infinite length. The ratio is determined by dividing the value o e 
current at the point nearer the transmitting end by the value of the 
current at the point more remote. 

921 Attenuation Constant. —The attenutation constant for a jingle 
frequency is the real part of the propagation constant taken at tha 

frequency. . , 

922 Wave-Length Constant. The wave-length constant is the imaginary 

part of the propagation constant. 

923 Standard Cable— A standard cable is an ideal uniform line in terms 
of which the attenuation of a line or network may be specified, it is 
characterized' by the following constants: Linear resistance. 88 
ohms per loop mile (54.7 ohms per loop km ). Linear_ capacitance 
between wires 0.054 microfarad per loop mile (0.03355 microfara 
per loop km.). Linear inductance and linear leakance, 0. 


930 

931 

932 

933 


934 


LINE CIRCUITS 

Ground-Return Circuit. A ground-return circuit is a circuit con¬ 
sisting of one or more metallic conductors in parallel, with the 
circuit completed through the earth. 

Metallic Circuit. A metallic circuit is a circuit of which the eart 

forms no part. 

Two-Wire Circuit. —A two-wire circuit is a metallic circuit forme 
by two parallel conductors insulated from each other. 

Superposed Circuit. A superposed circuit is an additional circuit 
obtained from a circuit normally required for another service, and 
in such a manner that the two services can be given simultaneous y 

without mutual interference. . 

Phantom Circuit. A phantom circuit is a superposed circuit, 
each side of which consists of the two conductors of a two-wire 

circuit in parallel._____„— -—--- 


*See note preceding page. 
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935 Side Circuit. A side circuit is a two-wire circuit forming one side 
of a phantom circuit. 

936 . Non-Phantomed Circuit. A non-phantomed circuit is a two-wire 
circuit, which is not arranged for use as the side of a phantom circuit. 

937 . Simplexed Circuit.—A simplexed circuit is a two-wire telephone 
circuit, arranged for the superposition of a single ground-return sig¬ 
nalling circuit operating over the wires in parallel. 

938 . Composited Circuit. A composited circuit is a two-wire telephone 
circuit, arranged for the superposition on each of its component 

metallic conductors, of a single independent ground-return signalling 
circuit. 

939 ^ Quadded or Phantomed Cable. —A quadded or phantomed cable 
is a cable adapted for the use of phantom circuits. 

940 Simplex Circuit. A simplex circuit in telegraphy is one arranged 
for operation in one direction at one time. 

941 ^ Duplex Circuit. A duplex circuit in telegraphy is one arranged for 
simultaneous operation in opposite directions. 

942 Diplex Circuit. A diplex circuit in telegraphy is one arranged for 
the simultaneous transmission of two messages in the same direction. 

943 Quadruplex Circuit.— A quadruple! circuit in telegraphy is one 

arranged for the simultaneous transmission of two messages in each 
direction. 

944 Multiplex Circuit. A multiplex circuit in telegraphy is one ar¬ 
ranged for the simultaneous transmission of several messages in one 
direction. 

945 . Interference. Interference (electrical) is an electrical disturbance 
introduced into a communication system by an extraneous source. 
Examples of interference are lightning interference, interference be¬ 
tween radio stations and interference from power systems into 
telegraph and telephone systems. (See §§407 to 409). Interference 

due to the effect of one telephone line on another is usually referred 
to as * ‘cross-talk.” 

946 . Linear Electrical Constants. —The linear electrical constants of a 
line are the electrical constants per unit length of the line, e. g. linear 
resistance, linear inductance etc. 

947 Smooth. Line.—A smooth line is a line whose electric elements are 
all continuously and uniformly distributed throughout its length. 

948 _ Periodic Line.— A periodic line is a line consisting of successive 
similar sections in each of which one or more electric elements are 
not distributed uniformly. As examples of periodic lines are (1) 

loaded lines and (2) artificial lines consisting of successive similar 
sections of lumped constants.* 

i • * . • An equivalent Smooth Line of a periodic 

line is a smooth line having the same electrical behavior as the perio¬ 
dic line, at a given single frequency, when measured at terminals or at 
corresponding section junctions. Similarly, 

,*T h ! tsrm periodic in tMs definition refers to the line constants and not to time 
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949a Equivalent Periodic Line— An equivalent P eri °^^ e S ™°°^ 

line is a periodic line having the same electric > 

assumed single frequency, as the smooth line, when measur _ 

terminals or at corresponding section junctions The terms conju¬ 
gate smooth line and conjugate periodic line are also someti 

949b Composite Line.—A composite line is a line consisting of a ^ 

of successive sections having different linear electrical constants, as 
in the case where an underground cable section is jome 
head open-wire section. 

949c Amplifier.—See §1034. 

LOADING 

950 Loaded Line.—A loaded line is one in which the nor ”^ 
of the circuit has been altered for the purpose of increasing 

mission efficiency. . 

951 Series Loaded Line.-A series loaded line is one m which the 
normal reactance has been altered by reactance seria y app 

962 Shunt Loaded Line.—A shunt loaded line is one in which the nor¬ 
mal reactance of the circuit has been altered by reac ance app 

shunt across the circuit. . 

963 Continuous Loading. A continuous loading is a series oa ing ‘ 
which the added inductance is uniformly distributed a g 

conductors. ■ . A 

954 Coil Loading. A coil loading is one in which the normal in u - 
tance is altered by the insertion of lumpe in uc an 
circuit at interval's. This lumped inductance may be applie 

either in series or in shunt. . 

Note: As commonly understood, coil loa d in S 1S .?^hTsoaced 
ing, in which the lumped inductance is applied at uniform y P 

recurring intervals 

MISCELLANEOUS 

955 Microphone. A contact device designed to have r f 

sistance directly and materially altered by slight differences 

mechanical pressure. • 

967 Resonance.— Resonance of a harmonic alternating curr^ o grv 

frequency, in a simple series circuit, containing resistance, mdu t 
and capacity, is the condition in which the positive reactance of the 
inductance is numerically equal to the negative reactance o 
capacity. Under these conditions, the current flow in the circuit 
with a given electromotive force has its highest r.m.s. val . 

968 Retardation Coil. A retardation coil is a reactor cur _ 

used in a circuit for the purpose of selectively reac g 
rents which vary at different rates. 

Note: In telephone and telegraph usage, the terms impedance 

inductance coil, ” “ choke coil ” and " reactance coil are 
sometimes used in place of the term “ retardation coi. 
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5 ^ Skin Effect. Skin effect is the phenomenon of the non-uniform 

distribution of alternating current throughout the cross-section of a 
linear conductor, occasioned by variations in the intensity of the 
magnetic field due to the current in the conductor. 

960 Telephone Receiver. A telephone receiver is an electrically opera¬ 
ted device designed to produce sound waves or vibrations which 

correspond in form to the electromagnetic waves or vibrations 
actuating it. 

961 Telephone Transmitter. A telephone transmitter is a sound-wave 
or vibration-operated device designed to produce electromagnetic 
waves or vibrations which correspond in form to the sound waves 
or vibrations actuating it. 

962 Coefficient of Coupling of a Transformer.—The coefficient of 
coupling of a transformer at a given frequency is the ratio* of the 
mutual impedance between the primary and secondary of the trans¬ 
former, to the square root of the product of the self-impedances of 
the primary and of the secondary. 

963 Repeating Coil. A term used in telephone practice meaning the 
same as transformer, and ordinarily a transformer of unity ratio. 


* Single frequency voltages and currents are here supposed to be represented by 
complex numbers. Their ratio is therefore a complex number. 
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appendix I. 

definitions for radio communication 

The following Sections *« ‘“ S £*££££"3 

the report of the d an *p- 

Radio Engineers, and are here md y P I.R.E. 

pendix, until further revised. For full parucum 

Standardization Committee report. _ . .. rin „ Tation 

1000 Acoustic Resonance Device. One which u 

resonance to the audio frequency of the received signals- 

1001 Antenna. A system of conductors designed for radiating 

absorbing the energy of electromagn ^ ^ ^ total loss of radi- 

1002 Atmospheric Absorption. That po 

ated energy due to atmospheric conductivity. 

_ * TVin frpmipTicies corresponding to the norm 

1MS ^t°dib'Tb“Sns. T ?b«:\rs .» lib below 10,000 

1004° J S. P eKrCler. *• *PP“*“ 

lOO.'le'S... C Coupling 

tm oir . 

1006 Direct Coupler. A coupler which magnetica y 3 

cuits having a common conductive por ion. for mine one 

1007 Counterpoise. A system of elect * portion of which 

portion of a radiating oscillator, tbe ^ “ capaci tive 

[ s the antenna. In land stations a counterpoise forms capac 

connection to ground. t w hose 

1008 A Damped Alternating Current is an alterna mg 

amplitude progressively diminishes. „ cur . 

^rJus^ freqUenCy ‘ 

Let 7 0 = initial amplitude 

Ji SB amplitude at the time t 
6 = base of Napierian logarithms 

a — damping factor 


1010 Detector. That portion of Che receiving. apparacac whioh. 

neeted Co a cironi. 

conjunction with a self-contained or s p 


l 
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the radio frequency energy into a form suitable for operation of 
the indicator. This translation may be effected either by the con¬ 
version of the radio frequency energy, or by means of the control 
of local energy by the energy received. 

1011 Electromagnetic Wave. A periodic electromagnetic disturbance 
progressing through space. 

1012 Forced Alternating Current. A current, the frequency and damp¬ 
ing of which are equal to the frequency and damping of the exciting 
electromotive force. 


1013 Free Alternating Current. The current following any electro¬ 
magnetic disturbance in a circuit having capacity, inductance, 
and less than the critical resistance. 

1014 Critical Resistance of a Circuit. That resistance which determines 
the limiting condition at which the oscillatory discharge of a circuit 
passes into an aperiodic discharge. 

1015 Group Frequency. The number per second of periodic changes 
in amplitude or frequency of an alternating current. 

Note 1 . Where there is more than one periodically recurrent 
change of amplitude or frequency, there is more than one group 
frequency present. 

Note 2 . The term u group frequency” replaces the term “ spark 
frequency.” 

*016 Inductive Coupler. An apparatus which, by magnetic forces, 
joins portions of two radio frequency circuits and is used to transfer 
electrical energy between these circuits, through the action of these 
magnetic forces. 

1018 Logarithmic Decrement of an exponentially damped alternating 
current is the logarithm of the ratio of successive current ampli¬ 
tudes in the same direction. 

Note. Logarithmic decrements are standard for a complete 
period or cycle. 

Let: /„ and J B+1 be- successive current amplitudes in the 
same direction. 


Then: 


d — logarithmic decrement 


d — log, 


1 


1019 Radio Frequencies. The frequencies higher than those corres- 

Uke^Is nnn n °T ally aUdiWe vibratioas - which are generally 

Norr-i? CyC + P f- r Se °° nd - See als0 Au dio Frequencies. 
i . * s 110 implied that radiation cannot be secured at 

and bhe distinction from audio frequencies is 
merely one of definition based on convenience 

cofdTtioTd'ue^to variation IT is that 

the resulting effort" atlon of the inductance oi. capacity in which 

the resulting effective current (or voltage) in that circuit Is a maximum. 

^th^aS 5^°* * CUrve the Curates'of which 

e square of the current at any frequency to the 
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square of the resonant current the 

the corresopnding wave length to the resona 

abscissas and ordinates hay “ g the ^“ e /radiated from a conductor 

1026 Sustained Radiation consists of wa 

in which an alternating current; mws. ^. ximum indication by 

1027 Tuning The process of seen g (See ResonanC e.) 

adjusting the time period of . ; nstrume nt, cali- 

1028 A Wave-Meter, is a radio frequency measu g 

brated to read wave lengths. mpasurin g the logarithmic de- 

1030 Decremeter. An mstrutnen l t gnet ; c waves, 

crement of a circuit or of a tram of electr °“ g {rom the radi . 

1031 Attenuation, Radio. The ///The Electric and magnetic forces 

ating source, of the ^ ^magnetic wave. 

accompanying ( (Radio) The coefficient, which, when 

1032 Attenuation, Coefficient of (Ra >• aun iform medium, 

multiplied bythe distance of transmissio th^ ampUtude of the 

gives the natural logarithm o 10 the initial value of 

electric or magnetic forces at that distance, to 

the corresponding q^ntities_ tQ transfer radio -frequency 

1033 Coupler. An apparatus which associating portions of these 

energy from one circuit to anotner oy 

CifCUitS ' ,. e - c instrument which modifies the effect 

1034 Amplifier. An amplifier is an /f . . accordance with the wave- 

of a local source of energy m sabstan ^ of grea ter amplitude 

form of the received energy, and gives out a wave gr 

than that which it receives. 

1036 Interference.— See |§17a, 407, 408, an ■ condenser is the 
1036 Phase Angle Defect.-Thephase angle^er^^e between pote ntial 
departure from quadrature °“ be . s P sometimes caUed the phase angle 

of a condenser: although strictly ^exactly 90° 

denser is 90° less the phase^ngle defect, andistheret 

when the phase angle defect is zero. 



1850 STANDARDIZATION RULES OF THE A. I. E. E 


APPENDIX II. 

ADDITIONAL STANDARDS FOR RAILWAY MOTORS* 

liOO In comparing projected motors, and in case it is not possible 01 
desirable to make tests to determine mechanical losses, the follow- 
mg values of these losses, determined from the averages of many 

mftL° Ver -„ a K Wi f T ?e ° f Si26S ° f ^-reduction single-geared 
, will be found useful, as approximations. They include 

ax e- ear ing, gear, armature-bearing, brush-friction, windage, and 
stray-load losses. 6 

TABLE XX 


Input in per cent of that at nominal 


rating 

Losses as per cent of input 

100 or over 

5.0 

75 

5.0 

60 

5.3 

50 

6.5 

40 

8.8 

30 

13.3 

25 

17.0 


bv *+ i ° SS °* * rai way motors is sometimes determinec 

of the mo-T 6 J • , ex ^ ltm ^ tiie field » and driving the armatur< 
and nn? t 0 L t 0 a b ff teSted ’ by * separate motor having known losse: 
at vario !! 12 6 a lffer f nces ln losses between driving the motor lighl 

11/10 o , SPe6dS and “ g Jt with various fi eld excitations. 

1102 Selection of Motor For Specified Service 

is reauired°TrTo ^ relative to the service to be performed, 

(a) Wa- , ° rd f. tbat an appropnate motor “ay be selected. 

!f • ° f /°i al number of cars in train (in tons of 2000 lb.) 
e:xclusive of electrical equipment and load. 

tTht S ofT ei d ht 1 !,° ad and dUrationS of same ' and maximum 

weight of load and durations of same. 

C rfMfr ° f m ° t( f CarS ° r loconiotives ia train, and number 
or trailer cars in tram. 

(d) Diameter of driving wheels. 

(f) Numilr°nf dri ^ ng WhedS ' exclusive of electrical equipment, 
w Number of motors per motor car. 

(g) - rain With POWer 0n the motors—average, maxi- 

_ mum and minimum. 8 


*See also Sections 800 et seq. 
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(h) Rate of acceleration in. mL per^te P« sec0 nd). 

(i) Rate of braking (reUr ^ (inciuding slowdowns). 

(j) Speed limitations, if any (including 

(k) Distances between stations. 

(1) Duration of station stops. . h 

(m) Schedule speed induding station stop . ^ at state d 

(n) Train resistance in pounds per ton ot P 

speeds. . exclusive of electrical 

(o) Moment of inertia of revolving parts, excius 

equipment. 

(p) Profile and alignment of track. between station 

(q) Distance coasted as a per cent ot tne 

(r) Time of layover at end of run, if any- w ith Service 

1103 Stand-Test Method of Comparmg^^ ^ ^ motors un der actual 

Requirements: When it is not con t he following 

specific service conditions, recourse may be 

method of determining tempera u ^pratures in service are 

1104 The essential motor losses affecUng^p^^ The mean ser- 

those in the motor windings, close approximation, in terms 

vice conditions may be expresse , w hich will produce the same 

ct that continuous cuttc.t mi 

losses and distribution of losses voltage which will give 

A stand test with the curren; Whether the motor has 

losses equal to those in server "^^ements. In service, the 

sufficient capacity to meet the (5164), well exposed to the 

temperature rise of an enclosed will be from 75 

draught of air incident to a m °"" g character of the service) of the tern* 
to 90per cent (depending upo tegt with the motor completely 

perature rise obtained on With a ventilated motor (5166 

enclosed and with the same los ^ s ' wfll be 90 to 100 per cent of 

and § 167 ), the temperature use in ^ ^ ^ the sarae losses. 

the temperature rise obtame temoerature rise in a 

1105 In making a stand test to o£ a se lf-ventilated motor 

specific service, it is essen ia i which corresponds to the 

' (, lev), to ,.u tic armature a ^ , pe c d i, may t» 

schedule speed m " I am£ total armature losses, to change 

necessary, while maintaining and core . los3 components, 

somewhat the ratio betwee Caoacity with Service Require- 

1106 Calculation for Comparing o be deterrn ined, wherever 

ments. The heating of a motor * ^ equivalent duty cycle, 

possible, by testing it in service, no t practicable, 

th. service or d » >» 

the ratings of the motor may be utilized 

temperature rise. heating of the. windings are as 

1107 The motor losses which a£E ® c , in the core. The former 

stated above, those in the wind g The latter vary with 

are proportional to the squarecurvet which can be supplied 
the voltage and current, ^ C “ r g edure u -therefore as follows: 
by the manufacturers. The p 
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1108 (a) Plot a time-current curve, a time-voltage curve and a tin,. „„ 

is 3 wiici th * ~ 

loss. oot-mean-square current and the average core 

1109 (b) If the calculated r.m.s. service current exceeds the 

rating, when rur, with „„„ . ent exceecls the continuous 

is nof Jffie 7 , I ge S6rV1Ce COre loss and s Peed, the motor 

1110 t 7 powerfal the duty cycle contemplated. 

thi C no t CalcuIated r-m.s. service current does not exceed 
the continuous rating, when run with average service core 1 

and speed, the motor is ordinarily suitable for the serv! * T 

. excessiv^temperaTme ^ ^7 the ™ al ***** ^avdd 

cessive temperature rises dunng the periods of heavv load 
In such cases a further calculation is reouired the first stei i l 
is to compute the equivalent voltage which with the P 1Ch 
will produce the average core h! ' 7 . 7 r ' m ' s - current - 

“ Mi™., th. tmp.,2" L r 

equivalent voltage m ’ S - Service current and 


Let t *= temperature rise 
Po = PR loss, kw. 
pc 33 core loss, kw. 

T « temperature rise 
R o = PR loss, kw. 

Rc — core loss, kw. 
Then 

Po + p c 


, with r.m.s. service current, and equiva- 
lent service voltage. 

with continuous load current correspond- 
mg to the equivalent service voltage. 


t a* T 


approximately. 


1111 crater? 

rise during^ OMho^SrstrtinJa? mU b- ° bSerVaMe t€mperat ^ e 
1112 M r 'a nour test starting at ambient temperature. 

losses in Mo^att-Ws turLrtW° ad an f determine the electrical 

losses'withH/TerviS 6 cSS l0SS6S ^ the 

excess loss, divided by the co efficient of ^“7 V ° ltage ' The 
the extra temperature rise duet the pSak load TlT?’ WiIleqUal 
nse added to that due to the r m 7 c 7 A ThlS temperature 

alent voltage, gives the total temperature' 7h 6qUiV ' 

temperature rise in any such neriot 77 T 1 R h ® * 0tal 

m3 m t r if S r SUiEciently P0werftd for the -viS e safe Hmit ’ the 

exceed the safe limit the' reaChed ’ du ® to the peak loads . does not 
as the pea^ loads tav caus t be UnSUitabIe for ^ —ice, 

chanical stresses. It is therefore'^ 6 Sparking ^ dan e erous re¬ 
loads with the short-LrL , 1 necessa ry to compare the peak 

within the capacity of the motor it CapaClty ' . If the peaks are also 
given duty cycle. ’ ma y be considered suitable for the 
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APPENDIX III. 

bibliography of literature relating to electrical 

ENGINEERING STANDARDIZATION 

Engineering Manual of^ the American Electric Railway Engl- 

neering Association. . _ nu . 

Standardization Rules of the Electric Power Club. 

Report of the Committee on Standardization of the Institute ot 

Radio Engineers. 

National Electric Code. . , a t? T P and 

Meter Cod^-Code for Electricity Meters of the A. E. I. C. and 

% E «»tediz,tk» Reports ot the issoci.tion of El.etrt^ 

^Publications of American Society for » 

The U. S. Bureau of Standards’ various publications including 

culars 15, 22, 23, 29, 31, 34, and 37. ondards of Illumi- 

Reports of Committee on Nomenclature and Standa 

nating Engineering Society. . ... a D A nnrtc! 

National Electric Light Association, Commi P • 

American Institute of Electrical Engineers, Transactions. 

foreign publications. 

Publications of the Engineering Standards Committee of Great 

^Institution of Wi ™' E “'“ “ 4 

other publications. 

Verband Deutscher Elektrotechniker. . p snorts 

British Electrical and Allied Manufacturers Association, Reports 

of the 

international publications. 

Publications of the International Electrotechnical Commission. 
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INDEX. 


... . . SECTION 

Abbreviations. 9 0. g95 

cceleration Due to Gravity, Symbol 

and Abbreviation. ... 90 

Acoustic Resonance Device, defined.. 
Active Component of Current or Volt- 
age. 

Acyclic Machine, defined. 

Adjustable-Speed Motors. 

Adjustable-Speed Motors, defined 

Adjustable Speed Motors, Base Speed 
of. 

Adiustable Varying Speed Motors, 

defined. 

Admittance, Symbols. 

A IE. E. Rating.264 

Air as a Prefix ..._ 703 


1000 

21 

141 

153 

153 

84 

154 
90 


321 

541 

430 

12 

131 

20 


1012 

1013 

135 

136 
135 
275 


... SECTION 

Ambient Temperatures upon which 

Permissible Rises are Based. 306 

American Wire Gage. ' 352 

Ammeter. ’ 00fl 

Amortisseur Windings, temperature of 388 

Amplifier.. 949 c, 1034 

Angular Displacement of e. m. fs. be- 

tween transformers. 609 b, 616 b 

Angular Velocity. . 

Angular Velocity, Symbol. 90 

Annealed Copper Standard,. 675 

Antenna, defined.............. 1001 

Anti-inductive Load. 25 

Apparatus Cable Stranding. 653 

Apparent Power..* 27 

Arc Machines. 230 

Arresters, Lightning. .733, 735 

Assurance, Factor of.* ... '. ’ ‘ ' 68X 

Atmospheric Absorption, defined.1002 

Attenuation, (Radio) Coefficient of,.. 1032 

Attenuation Constant, defined..,. 921 

Attenuation, Radio............. 1031 

Audio Frequencies, defined.*1003 

Automobile Apparatus, Test Voltage 505 
Automobile Motor and Generator Ra- 

. tin J? . 835 , 836 , 837 , 838 , 839 

Auto-Transformer, defined... 209 

Auto Transformer, Voltage Test.. 503 

Auxiliary Apparatus. Losses in...... ’ ’ 457 

Auxiliary Machine, Expression of Ra¬ 
ting... . ^ 277 

Available Output. 26 i 


B 


Air-Blast Transformers, Temperature 
Correction. 

Air-Density Correction for Sphere-Gap 
Alternating-Current Apparatus, Effi¬ 
ciency of. 

Alternating-Current Calculations. ' 

Alternating- Current Commutating 
Machines. 

Alternating Current, Convention "for 
Vectors. 

Alternating Current, Damped. ’ ’ ‘ ’ .* ’ .*1003 
ltematmg Current, defined 4 , 12 , 1012,1013 

Alternating Current, Forced. 

Alternating Current, Free. 

Alternator, defined.. .*134 

Alternator, Inductor, defined. 

Alternator, Polyphase, defined. 

Alternators, Expression of Rating..;. 275 Balancer 

Alternators, Variation in, * fifi an t> .. 

Altitude, correction for.... . * ’ ’ ‘' ’ 5nc Bar °metric Pressure for Institute Ra- 

Ambient Temperature. 

Ambient Temperature, deviation from, 

. *. 320, 

Ambient Temperature for Machines 

partly below floor line.... 319 

Ambient Temperature for Testing 

Ambient Temperature from an Idle 
Unit.. 

Ambient Temperature 

of.,............. 

Ambient Temperature of Reference 
Air... 

Ambient Temperature of Reference for 
Water. 

Ambient Temperature, Rotating' Ma- 
ehines. Forced Draft. 


308 

303 


ting. 


106 


265 


321 


307 


Base Speed of an Adjustable Motor, 

defined. 

Bearing Friction and Windage, deter- 
mination of... 

Bell-Ringing Apparatus, Test Voltage 505 
lbliography on Standardization, 


84 


450 


Measurement 
.314, 
for 


318 

rjt T Appendix III 

blower Losses.... 

Booster..W"' . 

315 

Bracket Systems... 

AUO 

70 c 

305 

Breakers, Circuit. 

i OO 

71« 

Bridge Systems.... 

1 AO 

7 o« 

309 

311 

Brightness, defined.. 

1 OO 

OA 1 

Brightness, expressed in Lamberts.... 
Brightness, Normal, defined 

Brown and Sharpe Gage 

oox 

865 

862 

652 
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SECTION 

Brush Contact Loss 440, 442, 443, 444, 454, 

.. 819 

Brush. Friction at Commutator and Col¬ 
lector Rings... 451, 817 

Brush Holders, Temperature of. 392 

Brushes, Temperature of.* • • 392 


Cable, Breakdown Tests of. 686 

Cable, Concentric, N-Conductor, de¬ 
fined. 

Cable. Concentric-Lay, defined. 643 

Cable, defined. 638 


Cable, Duplex, defined.... 647 

Cable, N-Conductor, defined. 645 

Cable, Rope-Lay. defined. 644 

Cable Stranding.653, 654, 655, 656 

Cable, Triplex, defined. 649 

Cable, Twin, defined. 648 

Cables, Capacitance 694, 695, 696, 697, 698^ 

Cables, Capacitance of Electric Light 

and Power.. 698 

Cables, Electrical Tests of. 678 

Cables, Factor of Assurance. 681 

Cables, Heating of.. 677 

Cablefs, Immersion for Testing. 679 

Cables, Insulation Resistance of 688 to 693 
Cables, Insulation Resistance Tests of. 692 

Cables, Lengths for Test..678 

Cables, Measurement of Capacitance of 696 
Cables, Multiple Conductor, Capacity 

of. 699 

Cables, Multiple Conductor, Insulation 

Tests of. 698 

Cables, Multiple Conductor, Tests of.. 687 

Cables, Paired, Capacitance. 697 

Cables, Safe Limiting Temperature of. 677 

Cables, Sectional Area of. 654 

Cables, Test Voltage.682, 683, 684 

Cables, Test Voltage and Frequency 

..683, 685 

Candle, defined. 

Candle Power.. 

Capacitance, defined.. 89 

Capacitance, Measurement of. 696 

Capacitance of Cables . .694, 695, 696, 697, 

.. 698, 699 

Capacitance, Symbols. 96 

Capacitive Coupler, defined. 10 04 

Capacity, defined.80, 252, 2 

Capacity Distinguished from Rating.. -62 
Capacity of Electrical Machines.. 261, 800 
Cascade Converter.. 


Catenary, Compound.. * * • 78 * 

Catenary, Simple. ..* * * * 1°} 

Catenary Suspension.. "" 

Center Contact Rail... 77 

Characteristic Curve of Luminous 

Sources... 877 


SECTION 

Characteristic Curves of Railway 

Motors. S1 °* 811, 

Characteristic Impedance, defined ... 918 

Choke Coils, defined. ....214 

Circuit Breakers, definition.72 

Circuit Breakers, Dielectric Tests.... 72- 

Circuit Breakers, Interrupting Capac- 

., .720 

ity • .. . 71 q 

Circuit Breakers, Rating of. 

Circuit Breakers, Temperature Tests. 721 

Circuit, Composited, defined *••••**• 049 

Circuit, Diplex.™ 

Circuit, Duplex.. 

Circuit, Electric, defined ,. • • * • *. 

Circuit, Ground Returns, defined. 

Circuit, Metallic, defined... 

Circuit, Multiplex.. 94 

Circuit, Phantom, defined.*. _ 

Circuit, Quadruplex... 

Circuit, Simplexed, defined. 

Circuit, Superposed, defined- *** 

Circuits for Telephony and Telegraphy, 

definition. 930 to 

Circuit, Two-Wire. 

Circular Inch.1 * ‘w * V*. a ^ 

Classification of Losses m Machinery. 435 

Classification of Machinery .^ 
Classification of Machines for Enclosure 1 
Coefficient of Coupling, Inductive.... 1005 
Coefficient of Coupling of a Transfer- ^ 

Coefficient of Reflection.- 866 , 868 

Coil Loading..; ‘ * * * 

Collector Rings and Commutator, De- 

termination of Brush Friction of... 450 

Collector Rings, Temperature of. dby 

Commutating Machines, defined.^ 

Commutating Machines, A-C.,Losses of 443 

Commutating Machines, Losses..440. 443 

Commutation requirements.. 

L Commutator and Collector Rings, e- 

termination of Brush Friction of. 4o0 

5 Commutators. Temperature of. .390 

5 Comparison, Lamp, defined- 

5 Compensated Commutator o or ' 

0 defined.• * ---* infi 

6 Compensator, Direct Current. .. ..... 
Compensator, Line-Drop Voltmetei. ^ 

q dcfitiGci. • * * ****** 1 q-i no 

o Components of Current^.. 

i4 Composite Line, defined . 

11 Composited Circuit.. *•**''*■** ’. « 4 .^i 

12 Concentric-Lay Cable, defined.■ • 643 

)0 Concentric Strand, defined.. ■ • • 

Ll Condensive Load... 

51 Conductance, Symbol--*'* 7QQ 

51 Conducting Parts.. • < • 147 

si Conduction Commutation Motor .... 

70 Conductivity of Copper. ^ 

Conductivity, Symbol... 

77 Conductor and Rail Systems. 
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INDEX 


n _, , _ SECTION 

Conductor, Contact. 766 

Conductor, defined..* ’ ’ ’ ’ 636 

Conductor, Stranded, defined.... 637 

Conductors, Sizes of. * * * * g52 

Connected Load.,.. 

Connections of Transformers.. . .600 to 617 
onstant-Current Machines, Regula- 

tion of... 563 

Constant Field Commutator Motor... 145 c 
Constant-Potential Machinery, Losses 

m . 433 

Constant-Potential Transformer, Rated 

Current, defined. 203 

Constant-Speed D-C. Motor, * Regulal 

tion of. 

Constant-Speed Motors. 

Contact. ... 


defined. 


564 

151 

701 

766 
770 

767 


Contact Conductors. 

Contact Rail, Center, 

Contact Rail, defined 

Contact Rail, Gage.* * ‘ ‘ ’ * * ^ 

Contact Rail, Overhead, defined. ..... 768 

Contact Rail Protection, defined. 776 

Contact Rail, Underground, defined. 
Contact Voltage Regulators, defined.... 
Contactor.. 

Continuous Current, defined. ",! * * ’ 

Continuous Loading.. 

Continuous Rating...’.281, 287. 288 

Continuous Rating, Automobile Motors 835 
Continuous Rating, Railway Motors.. 
Control Apparatus, Dielectric Tests.. 

Controller, Electric. 

Conventional Efficiency, defined.. 

Converter.. 

Converter, Cascade..'. ’ ’ * * *’ 

Converter, Direct Current. 

Converter, Frequency. 

Converter, Regulation, defined.* 566 

Converter, Synchronous. 

C°PPer, Conductivity of. 

Copper Constant Mass Temperature 

Coefficient.. 

Copper Loss, Railway Motors. 

Copper, Temperature Coefficient "of * 

Copper Wire Tables. * 

Cord, defined. * ’' * ’ . 

Core Loss at No Load.452, 818,1101 

Core Loss, Induction Motors, Deter¬ 
mination of.. 452 

Core Loss, Railway Motors, Determini 

ation of ..... 818, 1101 

Core Loss, Synchronous Machines 
Determination of._ . 452 

Core Losses due to Increased Excitation 434 

cores. Temperatures of.. o Q1 

Corrections for Deviation of Ambient 

i emperature*. 

Correction for Lay._... 

Counter-clockwise Convention 
Counterpoise, in Radio 
defined. 


n t SECTION 

Coupler (Radio), defined.1016, 1033 

Coupling Coefficient.’_ 96 2 

Crest Voltage Meter." ’ ’ 2 27 

Crest Factor.. 

Critical Resistance, defined.1014 

Cross-Span Systems. . 7 g 3 

Cross-Span Systems, Messenger. 784 

Current, Alternating, defined. 3 f J 2 

Current, Capacity, defined.• # gQ 

Current, Continuous, defined.. 4 

Current, Direct, defined. .**’ t ' ’ j 

Current, Oscillating, defined......... 5 

Current, Pulsating, defined.. * 2 

Current Ratio of Transformer.. 206 

Current, Symbols. *** 90 

Current Transformer, defined.. 741 

Current Transformer, Tests. 

Cycle.. 


500 
6 


771 

211 

717 

3 

953 


802 

509 

716 

423 

108 

111 

109 

112 


110 

675 

675 

816 

349 


320, 


Telegraphy, 


321 

656 

20 


1007 


Cycle of Duty. . 2 84 

D 

Damped Alternating Current, defined. 1008 

^ ampmg .. 911, 1008 

Damping Constant. 912 

Damping Factor, defined..1009 

Decrement, Logarithmic, defined.1018 

Decremeter, defined. "mqn 

Definitions. V. V ' 1 to 83 

Definitions of Terms Used in* Describ¬ 
ing Alternating-Current Com- 
mutator IVTotors*. .... 14^ 

Degree, Electrical, defined. '. *. ’ * ’ ’ ’ * ’ ’ 7 

Degree, Magnetic, defined. 64 

Demand. . ^ 

Demand Factor.. 59 

Demand, Maximum. 5 g 

Demand Meter, defined.232, 233, 234 

Detector, defined. 1010 

Dielectric Constant, Symbols’. ’ *.’ * ’' 90 

Dielectric Strength Test Voltage. 

^ .484, 485, 485a, 486 

Dielectric Strength Tests, Condition of 
Machinery. ^ 

Dielectric Strength Tests’,' Points of 

Application of Voltage. 4529 

Dielectric Tests of Cables 
Dielectric Tests of Circuit Breakers’ 
lelectric Tests of Machines..... 480 

Dielectric Tests of Machines, Voltage 
Measurements.... 

Dielectric Tests of Protective Reactors 
Dielectric Tests of Switches....... 70 * 

Diplex Circuit. ’ Q . 0 

Direct Coupler. 1006 

Direct-Current Commutating Machines 130 

Direct-Current Compensator. 106 

Direct-Current Converter......... 

Direct-Current, defined.. . 

Direct-Current Generators,' Expression 

of Rating. 274 

Direct-Current Machines,' Losses of.’'' 

Direct Suspension... 


483 

680 

722 


530 

739 


109 

1 


440 

780 
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SECTION 

Distortion factor. 17 

Distribution Feeders, Regulation of, 

defined. 567 

Distribution System, defined. 761 

Diversity Factor... 60 

Double-Current Generator. 107 

Drip-Procf. . 706 

Drip-proof Machine... 168 

Drop, Impedance. 52 

Drop, Percent. 50 

Drop, Per cent, in Induction Motors.. 54 

Drop. Per cent, in Transformers. 53 

Drop, Reactance... 51 

Drop, Resistance. 50 

Duplex Cable.. 647 

Duplex Circuit. 941 

Duration of Heat Run.322, 323. 324 

Dust-Proof. 707 

Dust-Tight. t .707a 

Duty-Cycle, Equivalent Tests.. . .285, 836 

Duty-Cycle Machines, Rating of-- 403 

Duty-Cycle Operation. 284 

Dynamotor. 105 


E 


90 

90 

90 


1019 

9 

. 112 


Effective Value.. 1® 

Efficiency and Losses.. 420 

Efficiency as Affected by Wave-Shape. 431 
Efficiency, Alternators and Transfor¬ 
mers, defined. 430 

Efficiency, Automobile Motors and 

Generators...* * • • 839 

Efficiency, Conventional, defined. 423 

Efficiency, defined. ••■••••• 88 

Efficiency Determination.423, 426 

Efficiency, Directly Measured....425 

Efficiency, Measurement of. 428 

Efficiency, Normal Conditions........ 

Efficiency, Plant. 

Efficiency, Railway Motors 815 to 820. 1100 

Efficiency, Symbol.. 

Efficiency, Temperature of Reference.. 43 

Electric Circuit, defined. 8 ° 

Electric Controller. * * ' 

Electric Locomotives. ••••••••*• .* 

Electric Railways, Standards for. 

Electrical Degree- •••••;•** . m 1 

Electro-Magnetic Wave, defined. 

Electromotive Force, Symbols... - • • ■: 
Electrostatic Field Intensity, Sym o , 
Electrostatic Flux Density, Symbol. .. 

Electrostatic Flux, Symbol.' * ' 

Embedded Temperature Detector ^ 

Method...... 

Enclosed Machine.*-* 

Enclosed Machines, Temperatures. M5 

Equivalent Circuit....... ■ • - 913. «*• « 5 

Equivalent Periodic Line, defined.... -949a 

Equivalent Phase Difference...... lg 

Equivalent Sine Wave... • • • • *; “ 949 

Equivalent Smooth Line, define 


SECTION 

Equivalent Tests, Standard Duration of 2S5 
Errors of Indicating Instruments, de¬ 
fined. 235 

Excitation for Regulation Test. 583 

Explosion-Proof. 70S 

Explosion-Proof Machine. 171 

Explosion-Proof Slip-Ring Enclosure.. 172 
Exposure. $59 

F 

Factor of Assurance, defined. 681 

Field-Control Motors, Rating of.806 

Field-Rheostat Loss. 455 

Field Windings of A-C. Generators. 

Test Voltage. 506 

Field Windings of Synchronous Ma¬ 
chines, Test Voltage.....• ■ • • 507 

Flexible-Cable Stranding..... 655 

Fluctuation, defined. 569 

Forced Alternating Current.1012 

Form Factor, defined. 16 

Free Alternating Current.1013 

Frequencies, Radio.* 

Frequency, defined. 

Frequency Converter. 

Frequency, Group, defined...1015 

Frequency of Testing Voltage for 

Cables.... 

Frequency of Testing Voltage for Ma¬ 
chines.. ;*;**• 

Frequency, Symbol and Abbreviation- 
Friction and Windage, Railway Motors 817 
Friction, Bearing and Windage Losses, 

determination of. 450 

Fume-Resisting. 

Fuses, definition.... 

Puses, Continuous Current Carrying- 

Capacity of,. 

Fuses, Temperature of... 

G 

Gage of Third Rail.. 

Gages for Wires.. 

Gas-Proof ..*. 

Gas-Tight... 

Gearing, Losses in.*. 

Generator...;. ,,, 

Generator, D-C., Acyclic. 

Generator, D-C., Unipolar. 

Generator, Double Current. 

Generator, Induction, defined. 

Generators, A-C., Regulation of, Tests. 

Computations. 584, 585, ° 86 * 

Generators, Enclosed, Temperatures of 386a 
Generators. Regulation of, defined. 


685 

4 84 
90 


705 

727 

728 

729 

772 

6o2 


709a 


.820, 1100 


140 


581 


. 164 
.386a 


Globe, defined. • -.*.. 

Graded Insulation ior Tramsforme.s.. 
Gravity, Acceleration due to. Symbo 

and Abbreviation..... 

Grounded Parts. . ....* 

Ground-Return Circuit..’ ' * 

Group Frequency, defined.. 


562 

894 

512 

90 

702 


xm 
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S SECTIO 

Heat Run, Duration of.322, 323, 324 

Heat Run, Measurements during.325 

Heating and Temperature. 300 

High Temperature Operation, Econ¬ 
omy of. 301 

High-Voltage Winding. 202 

Horse Power in Terms of Kilowatts... 276 

Hottest Spot Correction.346, 348, 356 

Hottest Spot Temperature Table. 379 

Household Devices, Test Voltage. 504 

Hydraulic Turbine, Regulation of, de¬ 
fined. 570 


Idle Unit Ambient Temperature. 318 

I. E. C. Rating.. 264 


SECTION 

Instruments, Period of. 237 

Instruments, Rating Limitations of the 

Circuits. 239 

Instruments, Standard Temperature of 

Reference for,... 2 

Instruments, Torque of, defined. 

Insulation Affected by Temperature... 301 

Insulation, Economical Short Life. S04 

Insulation, Life of. 340 

Insulation Resistance of Cables. . 6 S 8 to 693 
Insulation Resistance of Machinery.. 550 
Insulation Resistance of Machines 

Significance. 551 

Intensity of Illumination. 853 

Intensity of Magnetization, Symbol... 90 

Interconnected Polyphase Windings, 


Illumination, 


Impedance, 


Incandescent Lamps, Rating of. 
Indeterminable Load Losses.... 


Induction Apparatus, Stationary, de¬ 
fined. 


Induction Machines, Stray Load Losses 
of. 

Induction Motor, defined. 

Induction Motor Core Loss, Determina¬ 
tion of. 

Induction Motor Rotor Loss. 

Induction Motor with Explosion- 


— ' ** v t • • * » # « 

Induction Motors, Phase Wound, Volt¬ 
age Tests. 

Induction Voltage Regulators, defined, ziz 

Inductive Coupler, defined.. 1016 

Inductive Load, defined. 

Inductor Alternator. 

Information on Rating Plate. 

In-Phase Component of Current 


i, 887 

Voltage Test. 

. 483 

. 854 

Integrated-Demand Meter, defined... 

. 233 

. 850 

Interference, defined. 

. 945 

. 858 

Interference Factor of a Wave, defined 17a 

. 679 

Internal Combustion Engines, Regula 

• 

. 918 

tion of, defined. 

. 568 

. 52 

I 2 R Loss, Polyphase Induction Motors 

460 

. 916 



. 917 

K 


919 

K, Constant for Cable. 691 

695 

90 

Kilovolt-Ampere Rating. 

275 

886 

Kilowatt Rating. 274 

276 

440 

Kinds of Rating. 

281 

90 

f , 



L 


200 

Lag. 

IQ 

140 

Lagged-Demand Meter, defined. 

234 

138 

Lambert, defined. 

863 

442 

Lamp, defined. 

869 


Lamp Accessories. 

892 

459 

Lamp, Characteristic Curve, defined .. 

877 

139 

Lamp, Horizontal Distribution Curve, 



defined. 

87ft 

452 

Lamp, Life Tests.... 

O 4 O 

890 

460 

Lamp, Mean Hemispherical Candle- 



Power defined. 

882 

172 

Lamp, Mean Horizontal Candle-Power, 


54 

defined. 

con 


Lamp, Mean Spherical Candle-Power, 

c* O 

508 

defined. 

ftftl 


25 

136 

620 


or 


883 

876 

889 

888 


21 


Instrument Current Transformers 'on 
Open Secondary Circuit. , 74.9 

Instrument Current Transformers 'on “ 

T__, C oS8d Secondary Circuit. 743 

Instrument Transformers.... 741 

Instrument Transformers, defined, .*! * 741 
Instruments, Dielectric Tests " n 

sssaasjeEi 


Lamp, Mean Zonal Candle-Power, de¬ 
fined. 

Lamp, Performance Curve, defined_ 

Lamp, Specific Consumption, defined. . 
Lamp, Specific Output, Expression of.. 
Lamo. Spherical Reduction Factor, de- 

n&ed.*.• 884 

Lamp, Vertical Distribution Curve,’ de¬ 
fined.. 

Lamps, Comparison of. 

Lay, Correction for. 

Lay of Strands. 

Lead.... \. 

Leads of Transformers, Marking of.’ 

Life of Insulation Affected by Tempera 


879 

891 

656 

657 
19 

601 


ture. 


301 
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SECTION 

Life of Insulation of a Machine. 340 

Life Tests of Lamps. 

Lightning Arresters Definition. 733. 

Lightning Arresters, Performance and 

Test. 735 

Lightning Arresters, Rating of,. 734 

Limitations, Approved.• • • 

Limitations of Temperature Affecting 

Capacity.•. 3 ^ 

Line Characteristics, Telephony and 

Telegraphy. 918 

Line Circuits, Telephone and Telegraph 

....930 to 939 

Line-Drop Voltmeter Compensator- 230 

Linear Capacitance. 694 

Linear Electrical.Constants, defined, .. 946 

Linear Insulation Resistance. 690 

Literature on Standardization,. 

.Appendix III. 

Load, Anti-Inductive. 2 ^ 

* op; 

Load, Condensive. 

Load, Connected... 

Load Factor. ^ 

Load, Inductive. 

Load, Maximum. 23 ^ 

Load, Non-Inductive. 25 

Loaded Line. 

Loading of Telephone Lines.. . .950 to 954 

Loading Transformers... .393, to 397 

Loads, Momentary, Continuously 

Rated Machines. 402 

Loads, Momentary, Railway Motors... 803 

Loads, Momentary, Railway Substa¬ 
tion Machinery.. 7 ® 4 

Locomotive Speed... 834 

Locomotives, Continuous Tractive Ef- 

fort,.* • 

Locomotives, Electric..830 to 834 

Locomotives for Intermittent Service,.. 833 
Locomotives, Normal Tractive Effort, 832 

Locomotives, Rating.•. 830 

Locomotives, Weight on Drivers,. . • ■ • 831 

Logarithmic Decrement, defined. 1018 

Loss Brush-Contact .... .. 454 

Losses, Bearing Friction and Windage, 

Determination of. 4 ^ 9 

Losses, Brush Friction, Determination 

•♦•*••***** 451 

Losses, Classification of. 43 ^ 

Losses, A-C. Commutating Machines, 443 
Losses, D-C. Commutating Machines, 440 

Losses due to Ventilating Blower,. 456 

Losses, Evaluation of.... 433 

Losses in Auxiliary Apparatus.• • 46 

Losses in Constant Potential Ma- 

Losses in Field Rheostats. 4 ~" 

Losses in Railway Motors,. .815 to 820,1100 

Losses in Transformers...- • * 470 ' 47 * 

Losses, Indeterminable... 4 

Losses, Indeterminate. ..-- -- 

Losses, Induction Machines.. 


SECTION 

Losses, Stray Load. 484 

Losses, Synchronous Converters. 444 

Losses, Synchronous Machines. 441 

Losses. Table of. ^35 

Losses, Transformers. 445 

Low Temperature Operation, Useless- 

ness of. 

Low-Voltage Winding. 

Luminous Flux. 850 ’ 

Luminous Flux, Unit of. 

Luminous Intensity. # . 8 " 3 

Luminous Sources, Comparison of,... • 891 

Luminous Standard, Primary.. 870 

Luminous Standard, Representative... 871 

Luminous Standards.870 to 873 

T 858 

Lux. 

M 

Machine Classification by Enclosure or 

Protection. 

Machine Classification by Speed. 150 

Machine, Drip-Proof, defined. 168 

Machine Efficiency. 42 °- 422 

Machine, Enclosed, defined.• *6 4 

Machine, Explosion Proof, defined.... 17 
Machine, Open, defined. ^-61 

Machine Protected, defined. 16- 

Machine Rating, defined. _ 

Machine Rating, Principle of. 253 

Machine, Self-Ventilated, defined. 167 

Machine, Semi-Enclosed, defined...... 163 

Machine, Separately Ventilated, de- 

- j . 165 

Macnine, Water-Cooled, defined...... 165 

Machine with Explosion-Proof Slip- ' 

Ring Enclosure, defined....- 17 2 

Machinery Cooled by Ventilating Air 

from Distance. 394 

Machinery, defined.* --• ~ 

Machinery Exposed to Sun’s Rays- 313 

Machinery for High Ambient Tempera- 

i 2 *oT 

tures. 

Machines, defined.*. 

Machines, Duty-Cycle Rating of..-4U3 

Machines not Cooled by Air or Water.. 312 

Machines Partly Below Floor Line Am-, 

bient Temperature. 319 

Machines, Synchronous, Determination 

of Core Loss of... 45 “ 

Magnetic Degree.....•••* .* 64 

Magnetic Field Intensity, Symbols and 

Abbreviation... 

Magnetic Flux, Symbols,.• 

Magnetic Flux Density, Symbols,. 90 

Magneto Voltage Regulators, defined, 213 

Magnetomotive Force, Symbol. 90 

Marked Ratio of Instrument Transfor- 

. . aUi 

mer.... 

Marking of Switchboard Shunts..243 

Mass Resistivity, defined..... 675 

Mass, Symbol and Abbreviation. 90 
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INDEX 


SECTION 

Maximum Demand. 5g 

Maximum Equipment Line, defined.. . 768 

Maximum Load. 262 

Mean Hemispherical Candle-Power. .. 882 

Mean Horizontal Candle-Power. 880 

Mean Spherical Candle-Power. 881 

Mean Zonal Candle-Power. 883 

Measurement of Ambient Temperature 

• • .. 315 

Mechanical Degree. 64 

Mechanical Power, Where Measured.. 429 

Mechanical Work, Symbol. 90 

Megohms. ggg 

Megohms Constant. .. . . 592 

Messenger Suspension. 7gj 

Messenger Wire or Cable.... 773 

Metallic Circuits... 934 

Meter, Demand, defined. 232 

Meters, Grounding of. 244 

Meter, Power-Factor, defined.... 226 

Meters, Rating Limitations of the 

Circuits. 239 

Meter, Reactive-Factor, defined. 226 

Meters, Standard Temperature of 

Reference for. 240 

Meter, Watthour, defined.226 

Meters, defined.. . 225 

Meters, Dielectric Tests...510A 

Meters, Torque of, defined.. 236 

Microfarads, Constant... 695 

Microphone, defined. 955 

Millilambert.. gg4 

Milliphot. ggg 

Moisture Resisting... 710 

Momentary Loads, Continuously... 

' Rated Machines. 402 

Momentary Loads, Railway Motors,.. 803 
Momentary Loads, Railway Substa¬ 
tion Machinery. 764 

Motor.... 

Motor, Automobile Propulsion, Ra¬ 
ting, ....835, 836, 837 

Motor-Booster ............. 

Motor-Converter... 

Motor-Generator................ 

Motor, Induction, defined.. 

Motor, Synchronous, defined. 137 

Mot or-Vehicle Ratings..... 

* ■ ••****••*** -835, 836. 837, 838, 839 

Motors, A-C., Commutating, Classifica¬ 
tion ...... .......... 131,--143 to 147 

Motors, Adjustable Speed, defined. 153 

Motors, Adjustable Varying Speed, de¬ 
fined. .. 


102 


103 
111 

104 
139 


*.- ... 154 

Motors, Constant Speed, defined...... 151 

Motors, Enclosed, Temperature of.386A 

Motors, Expression of Rating,... .276, 802 
Motors, Field Control, Rating of. ... .. 806 
Motors, Induction, Determination of 

Core Loss of...... __ ....... 452 

Motors, Multispeed, defined......., . 152 


SECTION 

Motors, Railway, Characteristic Curve 

..810, 811, 812 

Motors, Railway, Determination of 

Core Loss of. 

Motors, Railway, Efficiency. 

.815, to 820,1100 

Motors, Railway, Maximum Input of 803 

Motors, Railway, Rating of.800 to 802 

Motors, Railway, Selection of.1102 

Motors, Railway, Service Capacity.. . 

.1103 to 1113 

Motors, Railway, Stand-Test Temper¬ 
ature Rises.«. gQ5 

Motors, Speed classification of. 150 

Motors. Speed Regulators. 564 

Motors, Stalling Torque of. 404 

Motors, Varying-Speed, defined... 154 

Multiple-Conductor Cable... 645, 646 

Multiple-Conductor Cables, Capaci¬ 
tance. 699 

Multiple-Conductor Cables, Tests. 687 

Multiplex Circuit. 944 

Multi-Speed Motors. 152 

Mutual Impedance. 916 

Mutual Inductance, Symbol. 90 

N 

N-Conductor Cable. 645 

Needle-Point Spark-Over Voltages. . .. 537 
Neutralized Commutator Motor, de¬ 


fined. 


. 146 

Nominal Rating. 283 

Nominal Rating, Automobile. Motors 

and Generators.. 837 

Nominal Rating, Railway Motors. 800 

Nominal Rating, Railway Substation 

Machinery. 765 

Non-Inductive Load. 25 

Non-Phantomed Circuit. .. 936 

Non-Sinusoidal Quantities. 14 

Normal Brightness, defined........... 862 

Notation...90, 805 

Number of Conductors or Turns, 

Symbol. [ gg 


o 


161 

5 


Object of Standardization.. 260 

“Oil” as a Prefix.... 704 

Oil-Cup... ................ 316 

Oil Temperatures..... 385 

Open Machine.. t.. .. 

Oscillating Current,............. 

Outdoor Machinery Exposed to Sun’s 

Ra ? s ... 313 

Output, Available_ ........... _ 261 

Output, Rated, defined.............. 262 

Over Speeds.................. 399 to 401 

Overhead Construction.».. ....., .... 779 

Overhead Contact Rail............. 7 $$ 
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SECTION 



317 

Jr &OLS lor i ncriiiuiiic ucio* * . 


650 

Jr air* 1 wislcq, cLciiLLCLi. .... 


697 

rtuicu vfluivo .. 

Paper Impregnated, Working Temper- 

677 



15 



50 



63 

ir crCCIitage .. 


876 

irerrormance v^urve, . . 


8 



948 

JreriOCliC i^ine, .. 

Tl ^ 11 +*’<y Qxrrvi ... . . . 


90 

Jr (ii ixi^£L Di ii T#y i oymuui. • • » - 


934 



939 

Jl JLlclXl LOlTlcQ. ...**•• 


13 


. 114, 

115 

JrXiaSc ..• 


1036 

Jrnase i\ugie . .. 

TDt, n pa 


113 



, 19 

Jtrnase jjnicreiic-c .• ■ *. 


, 29 

Jriiasc Dinerenccj, xLcjuivctic « 
Phase Displacement, Symbols.. 

L « , « • ♦ < 

. 90 
. 715 

i^nase-raiiure jrroxecLiuii . *. * * * 

A/f An A1* a . s .... 


. 114 

Phase Reversal Protection . 


.715a 


Phase, Single. 

Phase, Six. 

iPhaso TIiitcg• ,*•«■••••••*••*■ ****** 

Phase-Wound Rotors, Dielectric Tests, 508 

Phot .;. Ill 

Photometric Tests. ~V 

Photometic Units and Abbreviations 895 

XL Equivalent Circuit. 

plant Efficiency, defined. 

Plant Factor, defined. 

n1 ^ .620 to 622 

Plate, Rating. Q 

Pole Tips, Temperature of. ^ 

Polyphase Alternator, defined. 

Polyphase, defined.; *'' *; J? 4 

polyphase Commutator Motor, defined 14csa 

Polyphase Induction Motor, I 2 R Loss, 46 

Potential Difference, Symbols. *0 

Potential Transformer, defined. 741 

Power Apparent. _ 

Power Capacity. 

Power-Factor. •••■ .. " 

Power-Factor Meter, defined. “ 

Power in A-C. Circuits ..* * “J 

Power, Symbols.. 

Primary Luminous Standard. _ 

Primary Winding...* * * ~ 

Prime Movers, Fluctuation of.... .65, 5b9 

Prime Movers, Pulsation in... 

Prime Movers, Regulation of. 6 ”° 

Prime Movers, Variation m-* • • * • • 

Propagation Constant, defined... * 

Protected Machine.------ * ‘ ‘ 4 

Protection of Thermometers...* • • ^ 

Protective Reactors, definition....., • - 7 
Protective Reactors, Performance and ^ 

Tests...... 

Protective Reactors. Rating... • • • • • * - 737 


SECTION 

Publications on Standardization,..... 

..Appendix III. 

Pulsating Current Defined.. 2 

Pulsation... 

Putty for Thermometers.... 31 ‘ 


Quadded Cable. 

Quadrature Component of Current or 

Voltage.. 

Quadruplex Circuit .. y43 

Quantity of Electricity, Symbols. yu 

Quarter-Phase. 32 


Radiation, Sustained, defined. ..1026 

Radio Communication, Standards for 
1 .1000 to 1033 

Radio Frequencies. 

Rail, Contact... 

Rail, Third. v • • • y • ■ ;;•*•; * ™ 

Railway Motor, Selection of.. . 1102 to 11 
Railway Motor, Stand Tests of...815, llOo 

Railway Motors..• ♦ • -415. 800 to 8-0 

Railway Motors, Capacity and Require¬ 
ments of.... .. 1106 

Railway Motors, Characteristic Curves 

r ...... 810 

of.-. 

Railway Motors, Continuous Rating of 802 
Motors, Determination of 

Core Loss of. 817 * 818, 110 

Railway Motors, Efficiency and Losses 

Railway Motors, Field Control, Rating 

q£ ,*».♦•«*«*** * * # * * * * 806 

Railway Motors, Friction and Windage 817 
' Railway Motors, Maximum Input of.. 803 
Railway Motors, Temperature Limita¬ 
tions of. 804 

Railway Motors, Temperature Rise in 

Service Compared to Stand Test. 1104 
Rated Current of Constant-Potential 

Transformer.. ~ 

Rated Output, defined. 262 

Rating, A. I. E. E.*. 2 f 

Rating, Circuit Breakers. 

Rating, Continuous.' • • * * * ‘ 

Rating, Continuous, Automobile 

Motors. If* 

Rating, Continuous, Railway Motors 802 
Rating Distinguished from Capacity... 262 
, Rating, Expression of, m Kilovolt- 

Amperes. - 7 ^ 

Rating, Expression of in Kilo watts. 274, 276 

Rating, Fuses.. 

Rating, I. E, C.. • • -. 

Rating, Locomotives.. 


Rating, Nominal. 


. 283 


Rating of Duty Cycle Machines.. .... 403 
Rating of Electrical Machines, defined 262 
Rating of Field Control Railway 

Motors.... 806 
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INDEX 


SECTION 

Rating of Incandescent Lamps. 886 

Rating of Motors, Expression of, in 

Kilowatts... ^. 276 

Rating Plate, Information on.. .620 to 622 

Rating, Principle of. 263 

Rating, Short-Time... 282 

Rating, Short-Time, Automobile 

Motors... g 3 Q 

Rating, Short Time, Railway Motors. 800 

Rating, Switches. 725 

Ratio, Current, defined... ., 206 

Ratio, Marked, defined. 207 

Ratio of Transformer. 204 

Ratio, Voltage, defined. 205 

Ratio, Volt-Ampere, defined. 208 

Reactance, Coils, defined. 214 

Reactance Drop, per cent. 51 

Reactance, Symbols. 90 

Reactive Component of Current or 

Voltage.... 22 

Reactive Factor. 23 

Reactive-Volt-Ammeter. 229 

Reactive-Volt-Ampere Indicator. 229 

Reactive Volt-Amperes... 24 

Reactor, defined.82,214, 736 

Reactor Factor Meter. 226 

Reactor, Protective. 736 to 739 

Receiver, Telephone, defined. 960 

Recording Instruments. 231 

Reduction Factor, Spherical. 884 

Reference Standard. 372 

Reflection Coefficient. 866 

Reflection, Coefficient of Diffuse.." 868 

Reflection, Coefficient of Regular. 867 

Regulation and Excitation. 583 

Regulation and Frequency... 580 

Regulation and Power Factor..... ... 581 

Regulation and Wave Form.. 582 

Regulation, Constant-Current Machines 563 
Regulation, Constant-Potential Gener¬ 
ators ... ..... 

Regulation, Constant-Potential Trans¬ 
formers. 

Regulation, Constant-Speed D-C. 

Machines. . 504 

Regulation, Converters, Dynamotors! 

Motor-Generators and Frequency 

Con vertex s..... 

Regulation, D-C.Generators. 561 

Regulation, defined.* 5 00 

Regulation, Generator Unit. ’ 571 

Regulation, Hydraulic Turbine!!.!..! 570 
Regulation of A-C. Generators 584, 585, 586 
Regulation, Steam Engines. Turbines, 
and Internal Combustion Engines 568 

Regulation Tests. 5 g 0 

Regulation, Transformers.! 537 

Regulation, Transmission Lines, Feed¬ 
ers, etc.. 

Regulators, Voltage, defined........ 

w . * •:*: * *'* .210,211,212, 213 

Relay, defined. 730 


562 


565 


567 


SECTION 

Relative Weighting of Components .. 40S 


Relays, Dielectric Tests. 732 

Relays, Temperature Tests. 731 

Reluctance, Symbol... 9 © 

Repeating Coil... 963 

Representative Luminous Standard, 

defined. 871 


Repulsion Commutator Motor, aefinedl 47 c 


Resistance Drop, per cent. 50 

Resistance, Insulation, of Machines.. 550 
Resistance Method of Measuring 

Temperature .348, 350 

Resistance, Symbols. 90 

Resistivity, Symbol and Abbreviation 90 

Res j stor .81, 740 

Resistor, Temperature of, .740a 

Resonance.’. 957 ( 1020 

Resonance Curve.1024 

Retardation Coil. 953 

Revisions to Rules, Scope of.Page 3 

Rheostat, definition. 740 

Rheostat, Field, Losses. 455 

Root-Mean-Square. 10 

Rope-Lay Cable. 644 

Rotary Phase-Converter. 113 


Rotating Machines, Classification by 

Function. 101 

Rotating Machines, Forced Draft, 

Ambient Temperature. 311 

Rotor-Excited Commutator Motor, 

defined.. . 145a 

Rubber Insulation, Maximum W orking 


Temperature 


677 


s 

Saturation Factor.. 62 

Saturation, Percentage.. 63 

Secondary Winding. 202 

Self-Impedance. 917 

Self-Ventilated Machine. 167 

Semi-Enclosed Machine.. 163 

Sending-End Impedance, defined. 919 

Separately Ventilated Machines. 165 

Series Field Coils, Dielectric Tests... 507 

Series Loaded Line.. 9 51 

Series Transformers. 741 

Shade, defined. 893 

Short-Circuit Stresses.. 398 

Short Time Rating.. 282 


Short Time Ratings, Standard Periods 285 
Short Time Tests, Conditions for. . ... 286 


Shunt-Loaded Line... 952 

Side Circuit. 935 

Simple Alternating Current.......... 12 

Simplex Circuit ... 940 

Simplexed Circuit... 937 

Sine Wave. .......!!!!!!!!!!.’!; 11 

Sine Wave, as Standard... 405 

Sine Wave, Deviation from... 406 

Single-Phase. on 


Single-Phase Commutator Motor de-' 































































































INDEX 


SECTION 

Sinusoidal Current.. * 2 

Six-Phase... 33 

Skin Effect. '••• 959 

Sleet-Proof. 713 

Slip Rings, Temperatures of. 389 

Smooth Line, defined. 947 

Spark-Frequency.. • -l^ 15 

Spark Gap for Machinery of High 

Capacitance.. ^ 32 

Spark Gap for Machinery of Low 

Capacitance. 331 

Spark Gap Measurements.530, 534 

Spark Gap, Needle... 536 

Spark Gap, Range of Voltage. 535 

Spark Gap, Sphere. 

Sparking Distance, Needle.• • • • • 637 

Sparking Distance, Sphere Gap. 540 

Special Temperature Limits. 385 

Specific Consumption. 339 

Specific Luminous Radiation. 860 

Specific Output of Lamps..* 888 

Speed Classification of Motors. 150 

Speed Regulation of Machines. 560 

Speeds, Above Rated.399, 400, 401 

Sphere Gaps, Conditions for Test... . 539A 
Sphere Gap, Correction Factor for Air 

Density... 541 

Sphere Spark Gap. 

Spherical Reduction Factor. 884 

cqq 

Spherometer. 

Splash-Proof. 711 

Squirrel Cage Windings, Temperature 

of...... 388 

Stalling Torque of Motors. 404 

Stand Test Temperatures, Railway 

Motors. 305 

Standard Cable. 923 

Standard'Duration of Equivalent Tests 285 

Standard Resonance Curve..1024 

Standard Temperature for Institute 

Rating.*. 2&5 

Standard, Working (Photometric). 873 

Standardization, Objects of..... 260 

Standards for Electrical Machinery... 250 
Standards for Telegraphy and Teleph¬ 
ony. ; ..910to 963 

Stationary Induction Apparatus, de¬ 
fined.. 299 

Stator-Excited Commutator Motor, 

defined.’ ^ 

Steam Engines, Regulation of. defined 568 
Steam Turbines, Regulation of, defined, 568 

Stimulus Coefficient. 851 - 

Strand^ Concentric, defined.. 642 

Strand, defined. jj 

Stranded Conductor, defined......... 6 

Stranded Wire, defined.* * 34 

Stranding, Apparatus Cable,. 

Stranding, Bunched.. • * • 

Stranding, Flexible.----- 

Stranding, Rope.• .. . 

Stranding, Rope-Lay, Symbol for,.... 


section 

Stranding, Standard.... 653 

Stray Load Losses, defined.. 434 

Stray Load-Losses, Determination of 

.. ...458, 459 

Submersible. 7 ^ 2 

Substation, definition.... ...• 762 

Substation Machinery Rating. 763 

Superposed Circuit....■ • • • 933 

Supporting Systems for Trolley Wires, 782 

Susceptance, Symbol.... 90 

Susceptibility, Symbol... 90 

Suspension, Direct, for Trolley. 780 

Sustained Radiation, defined.1026 

Switches, definition. 723 

Switches, Dielectric Tests,. 509 

Switches, Master—, defined. 724 

Switches, Control, defined..724a 

Switches, Auxiliary, defined.724b 

Switches, Tests of.. 726 

Switches, Rating of. 72n 

Symbols.. 99 

Symbols, Photometric... 895 

Synchronism Indicator, defined.--- 228 

Synchronoscope, defined.. • * 228 

Synchronous Commutating Machines 132 

Synchronous Condenser. 115 

Synchronous Converter, defined. 110 

Synchronous Converters, Losses of.... 444 
Synchronous Jdachine Core Loss, De¬ 
termination of.• • • * 432 

Synchronous Machines. 133 

Synchronous Machines, Losses of. 441 

Synchronous Machines, Stray Load 

Losses,. 433 

Synchronous Motor, defined. .. 

Synchronous Phase-Advancer..-. 115 

System Efficiency, defined. 421 


T 

T Equivalent Circuit....914 

Tables of Copper Wire. 676 

Telephone Interference Factor .... 407, 409 

Telephone Receiver. 960 

Telephone Transmitter... 961 

Telephony and Telegraphy.... ...910 to 963 

Temperature, Ambient. 303 

Temperature, Ambient, for Testing. .. 307 
Temperature, Ambient, Forced Draft 

Machines.. 311 

Temperature, Ambient, from Idle Unit, 318 
Temperature, Ambient, Measurement 

^ .. , .3X4* 315 

Temperature and Life of Insulations.. 301 
Temperature Coefficient of Copper.... 349 
Temperature Correction for Air-Blast 

Transformers. 321 

Temperature Detectors.353, 354 

Temperature Elevations, Table of. 379 

Temperature, High, Conditions for Op¬ 
eration at,.*. 391 





























































































INDEX 


SECTION 

Temperature Limitations and Capac¬ 
ity.300, 804 

Temperature Limits. 375 

Temperature Limits, Enclosed Ma¬ 
chines, .386A 

Temperature Limits for Low Ambi¬ 
ents.305A 

Temperature, Maximum, Derived from 

Observable,. 343 

Temperature Measurements. 344 

Temperature Measurements during 

Heat Run. 325 

Temperature Measurements, Imbedded 

Detector Method... 353, 354, 355, 356 
Temperature Measurements, Resis- 

■ tance Method.348, 350 

Temperature Measurements, Thermom¬ 
eter Method.345, 346, 347 

Temperature of Contactors.717a 

Temperature of Parts Other than 

Windings.388, 389, 390, 391, 392 

Temperature of Reference for Air. 305 

Temperature of Reference for Effi¬ 
ciency. 432 

Temperature of Reference for Water... 309 

Temperature of Transformer Winding. 351 

Temperature Rise and Ultimate Tem¬ 
perature of Shunts. 241 

Temperature Rise Limits for Low Am¬ 
bients..305A 

Temperature Rises with Ambient Less 

. than Standard. 266 

Temperature Scale. 251 

Temperature, Standard. 265 

Temperature, Symbols and Abbrevia¬ 
tion. 90 

Temperature Test, Duration of. 

.322, 323, 324 

Temperature Tests of Transformers. .. 

•••..393,394, 395, 396, 397 

Temperatures and Temperature Rises 
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Temperatures, Hottest Spot, Table of, 379 
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Wave-Meter.. 1028 

Wave Shape. 11 

Wave Shape and Efficiency. 431 

Wave, Sine, as Standard.. . .. 405 


section 


Wave, Sine, Deviation from. 406 

Weatherproof Cable Stranding. 653 
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REPORT OF THE BOARD OF DIRECTORS 

FOR FISCAL YEAR ENDING APRIL 30, 1918 


The Board of Directors of the American 

gineers presents herewith to the A General Balance 

Report, for the fiscal year ending P > fi April 30 , 1918, 

Sheet showing the condition of the Institute s finales “ J 
together with other detailed financial statements, 

TOrpetors’ Meetings —The Board of Directors held ten regular meetings 
Directors Meeting . , Eight meetings were held 

during the year and one adjourned rneeti g. g ^ ^ cleveland 

in New York, one in Philadelphia m ’ York in March, 

in March. The adjourned meetingwa^ New York, on January 

The E,.cuW« Commit.^ Md two ^^ ^ ^ por . 

po“ of SSdorme matters “^ e o“”Bo»rd1>*> 

In accordance with the practise established year- by the 

endeavored to XmlSlhehusiness transacted at each meet- 

monthly publication -e- h , ssue of the proceedings, 

ing. These notices have a PP*“~ of the work done by the 

but they are not, however, a p many important matters 

Board at any one meeting, for the reason th^ many Wr ^ ^ 

are referred to committees fo adi their fina l disposition. Infer- 

““ .»—>““■ 

Annual Meeting.—Tlie Report of the 

headquarters, New York, on y < May 1, 1917, was presented 

Board of Directors for the fiscal year: en . & ^ ^ pR0CEEDINGS . The 

as published m full m the upon the election of officers for 

Tellers Committee presented its repo P 

the year beginning August 1, . ^ presentation of the Edison 

* h ' b "‘”“ 

1 fc67 
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.the papers originally scheduled for presentation at the Convention. This 
special meeting was held on June 27-28. 

Pacific Coast Convention.—The Pacific Coast Convention for 1917 
was to have been held under the auspices of the Los Angeles Section in 
September 1917. At the May meeting of the Board of Directors, upon 
the recommendation of the Los Angeles Section and the Meetings and 
Papers Committee, the Convention was cancelled. 

Philadelphia JVCeeting. The first Institute meeting of the administra¬ 
tive year of 1917-18 was held in Philadelphia on October 8 , 1917. There 
were two technical sessions, at which three papers were presented. 

Three-City Meeting. A Three-City Meeting was held in Boston, Jan¬ 
uary 8 , New York, January 11 , and Chicago January 14, 1918, the same 
paper being presented at all three meetings. This innovation was tried 
for the purpose of providing an opportunity for the local members in all 
three cities to participate in the discussion, all of which will be published 
in the Transactions. 

Midwinter Convention, New York.— The Sixth Midwinter Conven¬ 
tion was held in New York on February 15 and 16, 1918. Four technical 
sessions were held. The attendance was about 400. On the evening of 

February 15 an informal dinner was held which was attended by 225 mem¬ 
bers and guests. 

Cleveland Meeting.— An inter-section meeting in which the Toledo, 
Toronto, Detroit, Pittsburgh and Cleveland Sections participated, was 
held in Cleveland, Ohio, on March 8 , 1918. Four technical papers were 
presented at two technical sessions. An informal dinner was held be¬ 
tween the afternoon and evening sessions. The latter session being held 
jointly with the Association of Iron and Steel Electrical Engineers, one 
of the four papers was presented on behalf of the A. I and S. E. E. 'The 
meeting was attended by Presidents E. W. Rice, Jr., of the A. I. E. E., and 
C. A. Mink, of the A. I. and S. E. B., and members were present from all 

the sections mentioned above. The attendance at this meeting was 
about 150. 

Pittsburgh-New York Meeting.— The Institute meeting for April was 
held m Pittsburgh on April 9 and in New York on April 12 , under an 
arrangement similar to the meetings held in Boston, New York and Chi¬ 
cago in January 1918.. The same two papers were presented at both the 
New York and Pittsburgh meetings. 

New York Meetings. In addition to the meetings referred to above 
Institute meetings were also held in New York in November and April! 
The attendance at the November meeting was 175 and one paper was pre¬ 
sented; the attendance at the April meeting was 250 and two papers were 
presented. The April meeting was preceded by an informal buffet supper 

under the auspices of the New York Membership Acquaintance com¬ 
mittee. 
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National Defense pertaining to 

lished references to the Institutes c various actions taken during 

National Defense were htnited h thought, in view of the 

the year covered by each report « membership will gam 

entry of the by the Institute 

a better perspective of the seme include d not only a record of 

if in preparing the present r p & summary of all of the defense 

the developments othepas ' ? ^ {rom the time when the co-operation 

work done during the thr y qt ed in connection with na- 

of the engineering wll nto to 

tional preparedness. It is felt follow in g has been prepared with 

as a record for future reference, and the loliowmg 

these objects in view. . 

r _-Parlv in 1915, when the subject ot 

Engineer Officers' Reserve ior ^ ith the Army reorganization 

an Officers' Reserve Corps in connection iofi was made that 

pl.» ™ »d« conria™™■ »‘ *o the »« 

the National Engineering S p^o-ineer Reserve, there being no ade- 

Department in the <««.««»< “ ^“"^"iineers in the Army, 
quote provision at the time for TO'large n „ ki0al en j in „ring 

Acting on this suggestion e purpose of taking such steps 

societies such a corps as a part 

as seemed desirable to wart .m e org^^ ^ with the Secretary of War, 
of the regular Army Confere CollegS| and the chairm en of the 

officers of the General Staff a Militarv Affairs. Largely as a 

House and Senate Committees National Defense Act 

result of the work of thl ® j°VV j uly i’ s t of that year, embodied 
of 1916, which became effective on July rf ^ officers . Re . 

a provision for an Engineer R f s f^ abstract of the engineer section of 
serve Corps. A circuia the Institute on July 5, 1916. _ 

this Act was mailed to all t of the details of the require- 

Upon completion by the War P Officers' Reserve Corps 

ments and qualifications; for' C ular was issued by the Institute 

as provided in the uew law, a sec f ^ 1916> giv ing complete 

to the membership under ^ f S P $ {Qr commissio ns in the Reserve, 

information regarding the 9 ua “ n - {or commissions promptly, 

thus enabling interested J 11 ® 111 e ; b members of the Institute 

Many applications were filed at that time oy 

who are now in active service. invited by 

• t_ Tr , t iii■y 1915 the Institute was mvitea y 

Naval Consulting Boar . Secretary of the Navy, to select two 

the Honorable Josephus ® p ropose d Naval Advisory Board, 

members for appointment Edisorli and to be composed of men 

to be presided over by M . . tkeir inventive genius and engi- 

recognized throughout the country ^ h . Departinent) instructively and 
neering achievemen s, o a w i dea s for naval advance as might 

critically, in the-developmentof: sue underlying idea was to make 

be found worthy of consider latent inventive and engineering 

available to the Navy De P artn f“ Navya nd to bring the officers of the 

genius of the country to improve th 7 ind n Str ial resources of the 

service into more intimate contact wiw 
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country. Similar invitations were extended, to ten other scientific and 
engineering organizations. 

Industrial luventory. The good work of the Institute's representatives 
upon the Naval Consulting Board is attested to in the following letter 
and invitation received by the Institute from the President of the United 
States, under date of January 13, 1916: 


The White House 
Washington. 


January 13, 1916. 


My dear Sir: 

The work which the American Institute of Electrical Engineers has done through its 
members on the Nava Consulting Board is a patriotic service which is deeply appreciated. 

has been so valuable that I am tempted to ask that you will request the Institute to 
nlarge its “^fulness to the Government still further by nominating for the approval of the 
act in cJ I a representative from its membership for each state in the Union to 

th! TTJZT*- ™ th f ra P re f“ tet ^ the American Society of Mechanical Engineers. 
Instate Of M S ■ v° l ClVl1 E " gm ? ers ’ the American Chemical Society, and the American 
the work of rdii E ” g ‘ ne . ers ’ for the Purpose of assisting the Naval Consulting Board in 
for the n,.Mi - lng data f0T use m organizing the manufacturing resources of the country 
cooperation. 10 SerV1 “ " ““ rg ““ jr - 1 am s «e «“* I »V count upon your cordial 

With sincere regard. 

Cordially yours, 

Mr. John J. Carty, President, (Signed) Woodrow Wilson. 

American Institute of Electrical Engineers, 

New York City.” 


This invitation was accepted by the Board of Directors of the Institute 

bv the e Tn S tZf S ' J n Jan ? ry 21> 1916 ’ and the nominees Seated 
by the Institute were subsequently appointed by the Secretary of the 

DiZlf ffh SU n inS organization be came officially known as the State 
J l° rS 0 / he Organization for Industrial Preparedness and Associate 
Members of the Naval Consulting Board of the United States. These State 
Directors made.a canvass of all the industrial establishments in their 
respective states by means of a confidential industrial inventory form 
giving m great detail data regarding their manufacturing and producing 
resources The statistics obtained by the Government as the result of 
th! S work fully justified the confidence shown by the President of the 

General Co-operation with Government.— On Februarv •; iqi» i • 

be,we “ * h * ^ v °” s 

sWppio, in «rlun p^(ri“°“n' ! i i SOTt° < wmta? k “ ersha ”* 

telegram, signed by the Presidents of the Civil Minin , JOmt 

Electrical Engineers was sent to fhA p m A u. ’ -^ ec b.anical and 

S> Was sent t0 the Resident of the United States: 

“To the President, 

Executive Mansion, 

Washington, D. C. 

We, the presidents of the National Socie+ip* r- •, - 

Engineers, and of tbe United Engineering Society. w^L a thout^J 
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ca^e of war.” 

This was followed by a special meeting of the Executive Committee on 

February 6, at which it was decided to issue immediately, on behalf of 

Board of Directors, toJ 411 d t0 the opportunities 

circular letter calling attention to this telegram a ^ This 

existing for patriotic service to the natron rn case * “ a ccom- 

circular letter was issued under date ot February 8, 1917, and was accom 

, . , , -c ra tion sheet which members were requested to 

panied by a simple classihcation sneer wm „,v, P ther or not 

fill out and return to Institute headquarters indicating whether ornot . 

they would be available for military or naval servic q . 

two thousand of these classification sheets were filled° U ^isnoil of the 

7“ S com—«d with by brurrcho, »o.t urgently in 

need of their services. . . 

On April 2, 1917, in co-operation with several 
ties, the Institute issued to the membership two P 3 ^^ re d to offer 
instructions "phlets 

information available 

Army and N„, in, £ “™SiP-SS” o«»d 

utilized to good advantage., Th ma more applications 

great interest and resulted m e 1 Officers’ Reserve Corps and 

by Institute members for commissions m th 

in the Naval Reserve, many of which were favorably acted upon 

o T^cti+ntp has maintained its connection with 
During the past year the Instit „ apncies among which may be 

the Government thwgh a ‘fT. Suboommittee on Wires 

mentioned: the Naval Con« rd «^ Snho. 

”. d s i rsnr milt “ of ,h ‘ 

Advisory Commission of the Council of a 10 

p In the work of obtaining technically trained men and men 

Personnel—In the worK 0 service, the Institute has been 

of special qualifications for Povernment It has been 

able to render considerable assistance to fovernn^n t ^ ^ 

■ called upon repeatediy by vanous bran^ industrial corp0 rations and 

Srenn., to reoUm.nd individnnl. or tm.ll groups 

of men for special work. . r Palmer Chief of the Bureau 

On September 20,1917, Rear- ' ' a( j^ res sed to the President 

of Navigation, Navy De P ar ^ 1 “ ’ t “ he Secr etary of the Navy had auth- 
of the Institute, informed bim rgd duate electrical engineers 

orized the commissioning o g ftl Reserve Force, that three 

^=d men possessing certain specified 
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qualifications, and that from the total of two hundred and fifty-five candi¬ 
dates thus nominated, a Board of Naval Examiners would select the one 
hundred men to be commissioned. A circular containing this information 
was mailed to the entire membership of the Institute in the United States, 
so that every member might have an opportunity to apply for one of these 
commissions or to recommend desirable candidates. 

At the Directors meeting held on October 8 , 1918, a special committee 
was appointed to examine the applications received by the Secretary and 
to select therefrom the Institute’s eighty-five nominees. This committee, 
consisting of five members of the Board of Directors, met at Institute 
headquarters on October 16 and 17, and from the applications received up 
to that date, selected, solely upon their merits, eighty-five nominees whose 
names were transmitted to Rear-Admiral Palmer on October 18. The 

Naval Consulting Board and the National Research Council transmitted 
their nominations upon the same date. 

Of the eighty-five men nominated by the Institute, thirty-eight were 
included in the first hundred commissioned. It was learned later from 
reports received from individual members of the Institute that in addition 
to the one hundred men who were originally commissioned a considerable 
number of other applicants received commissions. 

Under date of March 22 , 1918, the Institute was requested by Rear- 
Admiral Palmer to nominate, in groups of twenty-five each, specially 
qualified electrical engineers, for training as submarine officers in the 
Naval Reserve Force. The successful candidates are to be commissioned 
as Ensigns,^ and after satisfactorily completing a special technical course 
of instructions they will become part of the active Submarine Officer 

Complement of the Navy. The first group of nominations was submitted 
to the Navy Department, early in April. 

This request was supplemented several weeks later with a call for an 

additional 50 nominees for the rank of Ensign in general service in the 

Naval Reserve Force. Work on the selection of these nominees is now 
progressing. 

Other requests received by the Institute for co-operation in obtaining 
the services of technical men include the following: 


avy Department: . Bureau of Navigation, candidates for aviation in¬ 
spection duty for training as Ensigns in the Naval Reserve Flying Corps; 

ureau of Yards and Docks, candidates for appointment in the Civil 
Engineer Corps of the Naval Reserve Force, for the ranks of Ensign 
Lieutenant (junior grade) and Lieutenant. 


Bureau of Chemistry: electrical engineers for special investigations in 
gram-dust explosions in mills throughout the country. 

War Department: Signal Corps, electrical men for radio division, 
ra 10 operators and mechanicians for Air Service, and graduate electrical 
engineers for the aviation section; Coast Artillery Corps, electrical gradu¬ 
ates for training school at Ft. Monroe, Va. with opportunity for com¬ 
missions; Ordnance Department, Trench Warfare Section, technical men 

m 0rdn * nce Officers Reserve Corps; Corps of Engineers, 
enlisted men for engineering and railway units and replacement regiments 
of engineers. 1 ■ , 
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Eight hundred and twenty-four members of the Institute are now serv¬ 
ing with the uniformed forces in the Army or Navy of the United States, 
and in addition, a large number are serving the Government in various 
civilian capacities. A great many members are also giving their services 
as members of various committees engaged in war activities. 


work 


General Engineering Committee .—Shortly after the entry of the United 
States into the war and at the suggestion of President Wilson, each of the 
four National Engineering Societies designated two representatives upon 
a committee of the Advisory Commission of the Council of National 
Defense under Dr. Hollis Godfrey, Commissioner of Engineering and 
Education, as chairman, to serve as the medium through which the en¬ 
gineering societies might serve the Government. In September last this 
committee was reorganized as the “General Engineering Committee,” 
with Prof. C. A. Adams as chairman. 

Besides acting on minor questions referred to it by the Government, this 
committee was active on four important tasks: 1. the preparation of 
a scheme of organization for war purchases, which has since partly been 
put into operation; 2. electric welding in shipbuilding; 3 development ot 
cast steel anchor chain; 4. specifications tor shipboard cable for th ® 1 - 

Department. (For details regarding the three latter items see statement 

herein relating to the Standards Committee.) _ 

The General Engineering Committee dissolved when the Council ot 
National Defense discontinued all of its advisory committees, i 
was then reorganized and continued under other agencies. 

Nation Research Cmrtr** **'?“? flTt Vht'p “ 

, , + ... rpruifist of the President of the United States by the Prc..i 

forme 5 , « oa demy of Sciences for the purpose of furthering 

dent of the Natio _ hroadest aspects. Its field includes educational 

scientific research m its broaden d : P medic al organizations, governmental 

institutions, tec ^ nica1 .’ Upon inv itation the Institute designated 

departments and the i ■ Committee of the Council. This 

representatives upon thei Engineering^ ^ offices in Washington and 
committee was organize J q£ {he other comm i tt ees of the 

New York. It is m conta . engaged on a wide range ot 

Council and since its orgamza 1 notice b the sev eral branches of the 

engineering problems brough ^ ^ weekly rep orts of its 

Government. Weekly meeting of the committee. The conn- 

activities have been sent to ea or oblems which have been under 

hi slendered 1 ? “expedient to publish detailed statements 
regarding the work ^ m7 the 

Membership Service Classi Government in case of emergency. 
Institute offered Us services tQ extend the fullest possible co¬ 
lt soon became evident thait effectively to the numerous de¬ 
operation and to respond by the different govern- 

mands which were being made up ts engaged in Government 

mental departments and qualifications, it would be necessary 

work, for technical J eTence at Institute headquarters de- 

to have available tor lmiuc 
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tailed information regarding the many members who were willing and 
anxious to serve the Government. After conferences with the other 

ational Engineering Societies, the matter was brought to the attention 
of the Board of Directors of the Institute at its meeting of October 8, 
7, at which meeting a proof of a suggested form of questionnaire which 
had been prepared was submitted with a request for an appropriation 
sufficient to distribute the form to the membership and to compile an 
index of the replies. Recognizing the importance of such a classification, 
the Board granted an appropriation of $1,000 for this purpose and auth¬ 
orized the Secretary to proceed with the work after opportunity had been 
given for final revision of the form. A special committee was appointed 
to have supervision of the classification and indexing. 

Although primarily intended as an aid in selecting technical men for 
service m the present emergency, it is proposed to maintain a permanent 
ie of this data at Institute headquarters to be revised from year to year 
for use after peace has again been restored. Such a classification has been 

contemplated for several years in connection with the regular work of the 
Institute and its committees. 


Employment.— It is over three years since the Institute first initiated 
. e £ lan . assistm § its members in obtaining employment and employers 
m obtaining desirable employees. It has not attempted to conduct an 

employment department m the generally accepted sense of the term 

but has simply acted as a medium for placing men in touch with oppor¬ 
tunities, through the publication of announcements in the montly Insti- 

wu-f° CEEDINGS ’ Under the headin g of “Engineering Service Bulletin.” 
lle ? ervice might have been developed to a greater extent had it 
been possible to appropriate funds for carrying on the work, the results 
attained since the plan was inaugurated are, nevertheless, very gratifying. 
There is no doubt that it offers a wide sphere of usefulness, and that the 
service is highly appreciated; not only by the individual member who is 
seeking a position, but also by the many corporations and men in posts of 
responsibility who have been assisted by the Institute in obtaining the 
services o high-class technical men. The co-operation of the membership 
m bringing vacancies to the attention of the Secretary will be very helpful 
m the future successful conduct of this work. 1 

TTnited Engineering Society.-In the. Directors’ Annual Report for 1917 
re erence was made to the addition of three stories to the Engineering 

SoSv S f B r di r S w aS - a rSSUlt ° f an a S reement whereby the American 
Society of Civil Engineers was to be admitted into the fraternity of 

founder societies and take up its headquarters in the building ? 

p "“ ,hri 

This work was completed in the Fall of 1917 and on December ? 1917 

Sorty m o e f e Mech? S ‘fW* the aus P ices of Institute, the American 
society of Mechanical Engineers, and the American Institute of Mining 

Engineers, at which the American Society of Civil Engineers was formal! 2 

ME “• ST?* 1 *• , ““ 1 ” 

f quarters in the enlarged Engineering Societies Building. These 
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four great National Engineering Societies are thus brought together 
under one roof with all of the obvious advantages for closer cooperative 
action, realizing more fully the purpose of the donor of the building, Mr. 
Andrew Carnegie, that it should be the home and headquarters of the 
engineering profession of America, 


Engineering Council. —The Engineering Council represents the result 
of an organized effort inaugurated in the latter part of 1916 by four of the 
leading national engineering societies-the American Society of Civil 
Engineers, American Society of Mechanical Engineers, American Insti¬ 
tute of Mining Engineers and the American Institute of Electrical En¬ 
gineers, to establish a central body to deal with matters of common in¬ 
terest to engineers and to serve as a connecting medium between the 
engineer on the one hand and the public welfare on the other so far as such 
matters relate to the' engineering profession, in order that united, action 
may be possible. 

The first meeting of the Council was held on June 27, 1917. The An¬ 
nual Meeting of the Council was held on February 21,1918. Officers were 
elected and the following committees were appointed: Executive, Fi- 
nance, Rules, Public Affairs, American Engineering Service, War, Fuel 

Conservation and Patents. 

For details regarding future plans of the Council, its field, and aims, 
members are referred to the abstracts from a statement issued o\ fne 
Council in February 1918, published in the Institute Proceedings for 

April 1918. 


Sections Committee— The encroachment of the many demands ol 
these unprecedented times has been reflected in the activities ol tne Sec¬ 
tions and Branches. Many of the leading men havebeen called away on 
war duties, while others have assumed additional burdens a. home. 
The number of meetings held during the pastyearhas for these 
been reduced, yet it is gratifying to observe that the total attendance .. 
the Section meetings has actually increased. 

This is undoubtedly due to the fact that these meetings have been ar- 
.L ins is unciouu y , , -p been evident to any 

ranaFfl to oresent topics of current interest, it , 

ranged to present, i , , T -_ 11C mpprino^ over the country 

one who has seen the notices of these various meeting 

that the thought of service and knowledge of present day problems 

uppermost in the mind of the engineer. . . f p • p. : . 

rp-r "i- t n f Sections has been increased by the addition - ■ * » 

Ihe list of Sections d con ditions which inspire 

which, qualified on January II, 1918, unaer 

fidence m its future. severely affected bv the influences 

The Branches have, towe ^^ h 8 ftVe forfeited their' present educa- 
of war. There our young rs have or^ ^ ^ service in s.arge 

tional advantages and have gone “ ° gd activityi temporarily, while 
numbers. Several Branches . , Ontario, and the Michigan 

two, the Queens University Pranc , 'Michigan, were added, re- 

Agricultural College Branch, Ea _ Tw0 ot jj e j. Branches, 

spectively, on January V an ■ , ’ Rho( j e Island State College 

the Iowa State College Branch, and the k 


,,'-h ,r> m 
WnV * * 
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Branch, were terminated by the Board of Directors at their request. 
The tabulation following shows the reduction in Branch activity. 



F<?r Fiscal Year Ending 

May 1 
1913 

May 1 
1914 

May 1 
1915 

May 1 
1916 

May 1 
1917 

May 1 
1918 

Sections 







Number of Sections. 

29 

30 

31 

32 

32 

34 

Number of Section meetings 




, 



held. 

244 

233 

246 

251 

265 

245 

Total Attendance. 

22,825 

—i- 

22,626 

23,507 

28,553 

31,299 

34,614 

Branches 







Number of Branches. 

47 

47 

52 

54 



Number of Branch meetings 







held. 

357 

306 

328 

360 

368 

268 

Attendance. 

11,808 

11,617 

12,712 

15,166 

16,107 

10,683 


n the whole the situation in the Sections and Branches is one for 
encouragement rather than otherwise. It augurs well for the participa- 
tion o the engineer in the country’s large affairs and insures the continued 
maintenance of the activities of the Institute. 


Standards Committee.— The Standards Committee has held monthly 

meetings throughout the year except in January and the summer months. 

wing to the numerous demands made upon many members of the 

committee by war work, all non-essential subcommittees were allowed to 

mark time thus reducing the number of active subcommittees from over 
40 to about 20. 


Subcommittee on Wires and Cables. —The Subcommittee on Wires and 
es of the Standards Committee was appointed by the Board of 
Directors m response to the request of Rear-Admiral Griffith, Chief of 
the Bureau of Steam Engineering, to assist the Navy Department in the 

Y.°” ° P r _°^ ems renting to wires and cables with special reference to 
the high-tension cables to be used on the new electrically-driven warships. 

this committee, after conducting a considerable number of investi¬ 
gations and much experimental research, has sent reports to the Navy 

° n J 3eVeral sub i ects - The committee is still co-operating 
. _ ith the Navy Department and expects to extend its activities to other 
departments of the Government. 

Electric Welding in Ship Construction. Another important piece of 
war work which originated in the Standards Committee is the application 

tL wf ? We w“5- t0 Shlpbuildmg ' This was started in August 1917 as 
the Electric Welding Subcommittee of the Standards Committee, and 

Nation'Tn d f by the ? eneral Engineering Committee of the Council of 
National Defense in September. Finally, after the Council of National 
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Defense had droppedall of its^ advis ° ry “Board, Emergency 

done by this committee £ich in- 

vaiuaoie Fmereencv Fleet Corporation, the Classi- 

cludes representatives of. The hm g J . American Bureau 

fication Societies, (Lloyds Register of S Q h ; PP l lectrR welding manu- 
of Shipping), U. S. Navy, Bureau of Stan f^ ’ nSsts 
factiirers and users, electrical en ^®®g“ t We lding Committee is also 
The Research Subcommittee of the E ^ r ; c N ™“f Researoh Council. 

attached to the Engl ^ eerll ? g Metric 1 'Welding Committee is to save time, 
The principal object of thethe application of electric 

labor, material an<d ^ ®*“ not only by the extension 

welding to shipbuilding. chins but also by demonstrating its 

of the application to minor parts of ships, but also oy 

suitability and economy on the capital parts of p • Kn „ ineer i n g 

„ ■*' i, r fevv'vtrp As a result of an invitation from the Eng g 

British Conference A Britain Mr. H. M. Hobart was sent to 

Standards Committee of Great Britain, Standards Committee 

London in September 1917 as a de ega e from theJ^ndards Co 

to a joint conference on standards for electrical mac fe Y- 
brought back numerous suggestions which have been acted upo 

Standards Committee. _ c i P rtric welding situation' in England 

,„d L proved very e.tUf.c.ory to the .ork of 

nSSTrel^ 

engaged Captain James Cald , f mont hs here and to give 

for the British Admiralty, to spend a coup experience of Great 

the Electric Welding Committee ‘ a n aroun 

Britain. This visit has prov work of the Standards 

Standardization Rules. The resu concerned, does not 

Commit.., .. <“ addition ». ^ 

involve “ an y and a Iditions will be published in a re- 

tinctly valuable. The chang reyision of form a nd arrangement is 
vised supplement. A compl . „ . -jqiq 

under way and will be completed for a new edition in 1919. 

_ . standards Committee.— In January 1917 a 

American Engineering Stand representatives from each of 

joint committee was appom e and the American Society for 

the Four National Engineering Societ , & for an Ame rican 

Testing Materials to P^^ ^Pla M complete d its work 

Engineering Standards Comm.ttee^. ^ ^ ^ ^ societie inte rested. 

on June 19 , 1917, and rend National Engineering Societies 

The governing boards of the^four ^ ^ ^ apprQVed the plan of 

A. S. C. E., A. S. • •> representatives each upon the proposed 

organization and appoint^ P The execut ive committee 

ITT*™additions. H» 
of the A. S. T. M.. P continued and proceeded to con- 

organization committee was “ er ® Ior J 
sider the suggestions of the A. fa. i - 
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A revision of the constitution and rules of procedure governing the 
proposed American Engineering Standards Committee, satisfactory to 
the representatives of all the societies, has finally been completed and a 

report has been submitted to the governing boards of the respective 
societies for approval. 


Meetings and Papers Committee. —-The Meetings and Papers Com¬ 
mittee has held six monthly meetings during the past year, at which the 
programs of the Institute meetings and conventions during the season 
were arranged. One meeting was held in Philadelphia in October 1917, 
four in New York during the winter, and one in Cleveland in March 1918.’ 

The policy of the Institute of holding a number of its regular monthly 
meetings outside of New York City was thoroughly discussed at the 
opening meeting and while there was considerable sentiment in favor of 
continuing this policy as in the previous year, the difficulty of railroad 
travel and the fact that the present year was an extremely busy one for a 
large proportion of the Institute membership led the committee to limit 
the meetings outside of New York to two; one of which was held in Phila- 
delphia in October, and the other in Cleveland in IVIarch. 

i\bout 80 papers have been considered by the committee during the 
year and owing to the abnormally high cost of printing and publishing 
at the present time the selection of papers has been made with unusual 
care. Every paper which has been offered during the past year has been 
reported upon by one or two members of the technical committee to which 
it belonged before final action has been taken by the Meetings and Papers 

In order to bring the papers presented at regular meetings before as 
large a number of the Institute members as possible, a new arrangement 
for meetings has been devised which has been called Inter-section 
Meetings, in which one paper is presented as nearly simultaneously as 
possible before several. different Sections. Two of these meetings have 
been held this year with considerable success; one in January 1918 in 
Boston, New York and Chicago, and another in April in Pittsburgh and 
New York. The meeting at Cleveland was held under the joint auspices 
of the Cleveland, Pittsburgh, Toledo, Toronto and Detroit Sections, and a 
30 int technical session was held with the Association of Iron and Steel 
Electrical Engineers.. This participation by the different Sections in 
regular Institute meetings is believed to have added considerable stimulus 

to the activities of the Sections participating and has been generally 
beneficial to the Institute. 


Editing Committee.— The Editing Committee, which now has entire 
supervision of the Transactions, announced last year that future issues 
o. Transactions would be published semi-annually. Owing to war con¬ 
siderations, however, which resulted in a considerable reduction in the 
amount of material published, it was found that the papers for the entire 
year jould make only one volume of the usual size and it was subse¬ 
quently decided to publish the 1917 Transactions in one volume. This 
pian was followed to avoid the publication of two small books instead of 

one o e usual size, and it also results in a very considerable reduction in 
the expense of binding and distribution. 
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The volume is now completed and is being distributed approximately 

five months earlier than in previous years. ^ xtqactions 

The system of handling papers and discussions for t 
has been gradually evolved from experience with different methods. ^ 
has now been practically standardized for several years and appears to 

meet with general satisfaction. . * * • „ con- 

All authors and discussors have the oppor uni y o proof 

tributions both in the manuscript of the stenographer and in the pro > 

Each author has the privilege of reading the proof of all discussion before 

the final revision of his closure. * ^Accarilv oublished 

All papers published in the Proceedings are not necessany P *x 

in the bound Transactions. The responsibility for a decision m 
matter now rests with the Editmg^“““^^haracter that are accepted 

The committee suggests that pape only in the Annual 

for publication without presentation be pr y 

Transactions. 

, ^ ThP Public Policy Committee held one 

Public Policy Committee.— ine ruDiic rm y i- t i ft 

^ UD . y j . ^a V por at which a communication regarding tne 

formal meeting during the year at w -Rncrineers referred to the 

bill to incorporate the American Academy g > . , d \ 

f Board of Directors, was considered, a. 

committee by a vote ot the Board ui Directors 

report upon this matter was subsequently made to the Board 

by the committee p ublic Policy Committee, being 

A majority of the member^ official action by the com- 

that 

»—- - - 

National Engineering Societies. 

n't, Pnmmittee has continued to represent 

Code Committee.-The Code Com t ^ National Fire Protection 

the Institute on the Electrical comm ittee attended the biennial 

Association and representati Association . The name of this 

meeting of the National F an amendme nt to the by-laws of the 

Committee” to “Committee on Safety Codes.” 

U. S. National 

—-Two meetings were held y _ , 1917. the second on 

Institute headquarters; the first ^^f^^^y wYtk the Institute's 
March 13, 1918, the latter meeting being held jointly 

Standards Com t mit T Rlectr otechnical Commission has been prevented 
The International Electrotecn fathering, but it has been 

by ,h. War from haWiag W f that a. ,««»pt 

the expressed desire of the U- • as COI1 ditions will permit, 

should be made to hold such a me S various national com¬ 

as the lack of T e n o ffl “s^ce 19lThas naturally served to retard 
mittees of the allied countries since 

generally electrotechnical development. inquiries made 
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taken place in the A. I. E. E. Standardization Rules since the last con¬ 
vention of the International Electrotechnical Commission in 1913. The 
necessity for such explanations would not have arisen if the work of the 
Commission had not been held in abeyance by the world-war Some 

progress, however, has been made independently among the various 
individual national committees. 


Committee on Code of Professional Conduct.— The only matter which 
t is committee acted upon during he year was the formulation of 
definitions of an Electrical Engineer.” A report embodying several 
definitions has been prepared and filed at Institute headquarters. 


Board of Examiners. The Board of Examiners held 18 meetings during 
the year, averaging about three hours each. It considered and referred 
to the Board of Directors with its recommendations a total of 1889 appli¬ 
cations of all kinds. In addition to these the Board reviewed or recon¬ 
sidered 33 applications for a second and third time. 

The demand upon the time of the Board has been greater during the 
past year than in any previous year, owing to the large number of applica¬ 
tions filed for admission or transfer to the higher grades. Such appli¬ 
cations are considered in great detail and all of the evidence submitted 

y t e applicants, including the record and communications from refer¬ 
ences and others, is read by the Board. 


The result of the Board’s work for the 
tabulated statement: 


year is given in the following 


Applications for Admission. 


Recommended for grade of Associate.1036 

Not recommended for grade of Associate.. 10 1046 


Recommended for grade of Member. 

Not recommended for the grade of Member.. 

Recommended for grade of Fellow. 

Not recommended for Fellow.. 

Recommended for enrolment as students. 

Applications for Transfer 

Recommended for grade of Member.. . . . . 

Not recommended for grade of Member. 

Recommended for grade of Fellow. .,_ 

Not recommended for grade of Fellow.. * 

Total number of applications considered. 
Applications reconsidered_ 


. 74 


. 50 

124 

. 11 


5 

16 

. 576 

576 

. 66 

. 41 

107 

11 

9 

20 


1889 

33 


Total 


1922 
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Membership Committee.-The 

tb. filing of 1235 * P J““ y tl Lpport of the Sections and moo. 

committees work is due to “ J . members hip committees, 
particularly the chairmen of the number of members in 

The following tabulated statement 30) and the 

each grade, the total members ip o made dur j ng the year. It is 

additions and deductions whic a f appl ; cat ions received, 

not intended, however, to ^.^“^nary stages and cannot, 
as a considerable number is still mt the P*™ ? In ttitute. 

therefore, be embodied in a list of the members _ 


Total 



Honorary 

Member 

Fellow i 

Member 

Associate 

Membership, April 30, 1917. 

4 

455 

1223 

7028 

---r — 

Additions: 


14 

76 

• • * * 

Transferred. 

» • * * 

Q 

66 

937 

New Members Qualified... 

2 

2 

8 

54 


• • * • 


i 


Deductions: 


4 

7 

26 

Died. 

* • * * 

1 

3 

111 


. ■ • * 


4 

84 

Transferred.. 

♦ • # ■ 

• • * • 

5 

! 27 

318 






Mftmbershit). April 30, 1918. 

6 

1 464 

1332 

7480 


8710 


9282 


| W-jp- - .. | _ . ... . 

Net increase in membership during the year. 

Deaths. The following deaths John Robinson, Karl 

Fellows.— Albert F. Ganz, F. B. H. -fame, j 

^°M embers.—Harry Bottomley, Eugene F. Roeher, H^nryR. Ford. J. G. 

Lorrain, Osborn P. Loomis, E. W. stuart A. Nims, W. K. 

Associates.—L. R. Pomeroy, „ ' Ho ’ rrv Arthur Gunn, William G. Bee, 
Kretsinger, P. H. Goodwin, • • George Scharfe, Percy L. Cobb, 

T. Ohta, John Sachs, W. H. * 0 Sin j t h, William Duddell, John 

Jobb <a™»Vp C b S«;„L, i. Ml Howard, B.r„rd 

Hesketh, John H. Goehst Ro ^ rt , ^ chilton , James A. Barkley, Henry 
W. Capen, Cyril F. Mickler, St. John Chilton, j 

N. Brooks. 

Total deaths, ^ _ . . , w kich had been awarded^ 

Edison Medal. The ® . Q omm ittee in December of that 

to Nikola Tesla by the E ison hage and higll frequency electric 

year “for his early original ^kpWP iate cer emonies at the 

currents” was presented to Ne J York on May 18, 1917. 

Annual Meeting of the Insti u awarded to Col. John J. Carty 

The Edison Medal for l ^ d J. of telep hone engineering,” and the. 
“for his work m the science an 
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presentation will take place at the Annual Meeting of the Institute which 
will be held in New York on May 17, 1918. 

John Fritz Medal—The John Fritz Medal for 1917 was awarded to Dr. 
Henry Marion Howe “for his investigations in metallurgy, especially in 
the metallography of iron and steel.’’ The presentation was made in the 
Engineering Societies Building in New York on May 10, 1917. 

The John Fritz Medal for 1918 was presented to Mr. J. Waldo Smith 
in the Engineering Societies Building, New York, at a joint meeting held 
on April 17, 1918, for “achievement as engineer in providing the City of 
New York with a supply of water.” 

Finance Committee.— During the year the committee has held monthly 
meetings, has passed upon the expenditures of the Institute for various 
purposes, and otherwise performed the duties prescribed for it in the 
Constitution and By-laws. 

Haskins and Sells, certified public accountants, have audited the books, 
and their report is included herein. It will be noted that in the report a 
readjustment of the Institute’s equity in the property held in trust by the 
United Engineering Society has been made, due to the admission of a 
fourth founder society to the United Engineering Society. 

In company with the Secretary, the Treasurer, and a representative of 
as ins and Sells, the chairman of the committee examined the securi¬ 
ties held by the Institute and found them to be as stated in the account¬ 
ants report. 
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NEW YORK 

CHICAGO 

DETROIT 

ST. LOUIS 

CLEVELAND 

BALTIMORE 

PITTSBURGH 


HASKINS 8c SELLS 

CERTIFIED PUBLIC ACCOUNTANTS 
CABLE ADDRESS "HASKSELLS” 

30 BROAD STREET 

NEW YORK 


SAN FRANCISCO 

LOS ANGELES 

SEATTLE 

DENVER 

ATLANTA 

WATERTOWN 

LONDON 


AMERICAN 


INSTITUTE OP ELECTRICAL ENGINEERS 


CERTIFICATE 

We have audited the books and accounts of the American Institute of 

.ectrical Engineers for the year, ended April 30, 1918, and 
We Hereby Certify that the accompanying Genera a ance 
-operly sets forth the financial condition of the Institute on April oO 

US, that the Statement of Income and Profit & Loss for the year 

A +he books of the Institute are in agreement 

lat date is correct, and that the dooks 

aerewith. HASKINS & SELLS, 


New York, 

May 14, 1918. 
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Exhibit A. 


AMERICAN INSTITUTE OF 

General Balance Sheet 


Real Estate: 

One-fourth Interest in United Engineering Society's Real Estate 
No. 25 to 33 West 39th Street: 

... $472,500.00 

Total Real Estate. 

Equipment: 

Library Volumes and Fixtures. 

Works of Art, Paintings, etc. 

Office Furniture and Fixtures. 

Total... 

Less Reserve for Depreciation. 

Remainder—Equipment. 

Investments: .. 

Bonds—City of Wilmington, Delaware, 4 J4%, 1934 Par Value 
$15,000.00.*. .■.’ 

United States Liberty Loan, 4X% Bonds.* io' 

Total Investments. 

Working Asset's: 

Publications Entitled “Transactions," etc. * 14 

Paper and Cover Paper. 

Badges. 


$486,792.79 


$ 

40,031 

. 55 


3,001 

. 35 


12,274 

.65 

$ 

55.307 

.55 


9,419 

.77 



$ 

$ 

15,834. 

.19 


10 ,000. 

00 

$ 

14,049. 

00 


1,046. 

28 


676. 

70 


$ 45,887.78 


25,834.19 


$ 12,270.07 

9,559.82 

769.70 

470.76 

56.25 

358.66 


Total Working Assets.. 

Current Assets: 

Cash.. 

Accounts Receivable: 

Members for Past Dues. 

Advertisers.. 

Miscellaneous. 

Accrued Interest on Investments. 

Accrued Interest on Bank Balances. "’**’*’*” 

Total Current Assets. . ;.. 

Funds: .. 

Life Membership Fund: 

Cash...... # 

Chicago, Burlington & Quincy Railroad Company 
Bonds, 4%, 1958, Par Value $5,000.00 4 868 75 

Accrued Interest... C." ' 33.33 * 5,340.75 

International Electrical Congress of St Louis_ 

Library Fund: 

Cash... 

New York City Bonds, 4 X%, 1957, Par Value 

$ 2 , 000.00 .. 

Accrued Interest... 

Mailloux Fund: 

Cash... iQ7 36 

New York Telephone Company Bond, 4Jks %, 1939 1,000 00 

.. 22.50 


15,771 98 


23,485.26 


$ 438.67 


$ 943.99 

2,248.71 

45.00 


3,237.70 


Accrued Interest. 


Midwinter Convention Fund—Cash. tf 

International Electrical Congress oi San Francisco^.‘' 

' Cash. 


Total Funds.. 

cZ:ZZ, 

Total.. 


163.58 

40.50 


$ 9,972.38 

500.00 

$608,244.38 
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ELECTRICAL ENGINEERS. 


April 30 , 1918 . 

Current Liabilities: 


Liabilities 


Accounts Payable—Subject to Approval by the Finance Com¬ 
mittee. $ 

Due United Engineering Society Account Building Addition. ... 

Dues Received in Advance.;. 

Entrance Fees and Dues Advanced by Applicants for Member¬ 
ship. 


6,304.01 

10,000.00 

2.382.87 

179.50 


Total Current Liabilities 


$ 18,866.33 


Fund Reserves: 

Life Membership Fund. 

International Electrical Congress of St. Louis—Library Fund... 

Mailloux Fund.. 

Midwinter Convention Fund.^. 

International Electrical Congress of San Francisco. 


$ 5,340.7a 

3,237.70 
1,189.85 
163.58 
40.50 


Total Fund Reserves 
Surplus: Per Exhibit “B”- 


$ 9,972.38 

1579,405.62 
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AMERICAN INSTITUTE OP ELECTRICAL ENGINEERS. 


Statement of Income and Profit and Loss. 


For the Year Ended April 30, 1918. 

Exhibit B. 

Revenue: 


Entrance Fees... 

Dues. 

Student’s Dues.*... 

Transfer Fees... 

Advertising.. 

Subscriptions... 

Sales of “Transactions,” etc.. 

Badges Sold.. $2,253.75 

Less Cost... 1,992.12 

Interest on Investments... 

Interest on Bank Balances. 

Exchange.... 

Total. 

Expenses: 


$ 5,545.00 
96,897.93 
3,771.00 
940.00 
8,189.02 
3,286.20 
2,574.24 


261.63 

675.00 

1,027.43 

30.74 

$123,198.19 


Meetings and Paper Committee: 

Salaries.. 

Binding and Mailing Proceedings. 

Printing Proceedings. 

Engraving Proceedings. 

Paper and Cover Paper. 

Envelopes. 

Stationery and Miscellaneous Printing.. 

General Expenses. 

Meetings. 

Editing Committee: 

Volume No. 34. 

Volume No. 35. 

Volume No. 36.. 

Total.. 

Deduct Increase in Inventory of Publications- 

April 30, 1917. 

April 30, 1918...'.!. *. * * * * * 

Executive Department: 

Salaries... 

General Expenses. .. 

United Engineering Society—Assessments...'. . 

Express.. 

Postage.. 

Advertising. 

Stationery and Miscellaneous Printing. ’ 

Year Book and Catalgue.. 

Office Furniture and Fixtures—Discarded. * * 

Total..... 

Sections Committee: 

Section Meetings.... 

Branch Meetings.. ... * 

Salaries, New York Office.__ ' . 

Stationery and Printing, New York Office. 
Express on Advance Copies. 

Total. 


$12,884.25 

14,049.00 




5,560.00 

4,384.97 

6,052.07 

1,523.22 

4,581.05 

723.20 

177.96 

250.35 

3,193.14 

136.22 

12,370.15 

5,372.29 

44,324.62 


1,164.75 $43,159.87 


17,698.50 
2,737.33 
4,800.00 
311.13 
1,980.65 
2,623.74 
3,027.68 
3,487.90 
51.20 


36,718.13 


6,162.15 

208.85 

2,340.00 

698.70 

8.09 


$ 9,417.79 


Forward. .. 
Revenue-—-(F orward).. 


.$ 89,295.79 
$123,198.19 
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Revenue —(Forward). ..$123,198.19 

Expenses —(Forward).$ 89,295.79 

General: 

Library Committee.. $ 4.000.01 

Membership Committee.. 1,079.38 

Finance Committee. 150.00 

Standards Committee. 1,221.72 

Code Committee. 30.00 

Annual Dues, International Electrotechnical Commission- 250.00 

National Defense—Miscellaneous Expenses. 1,488.42 

John Fritz Medal Award ... 94.00 

Honorary Secretary. . . .. 4,000.00 

United Engineering Society, Engineering Council. 1,600.00 

American Engineering Standards Committee. 359.37 

Membership Classification Service.... • • • 776.65 15,049.55 


Total *..... $104,34o. 34 

Deduct: 

Decrease in Accounts Payable—Subject to Approval by the 
Finance Committee, Expenses Undistributed at: 

May 1, 1917—As Adjusted. $ 7,869.81 

April 30, 1918. 6,304.01 l.oao.b. 

Total Expenses. •-* 102 ’ 779 ’ 54 

XT ' .$ 20,418.65 

Profit and Loss Credits: • 

Accessions to Library Volumes and Fixtures.. • ^. 

Refund of Unexpended Balance of Contribution of American 

Institute of Electrical Engineers to proposed International ^ gQ 

Electrical Congress 1915... 

.... 4i5.<4 

Total. .. 

...$ 20,892.39 

Gross Surplus for the Year. 

Profit and Loss Charges: $ 4003 75 

Uncollectible Dues Written Off..•• *;. v 49 

Provision for Depreciation of Furniture and Futures . • 

Amortization of Premium on City of Wilmington, Delau J2 U 

4K % Bonds of 1934. .___.. 

.... 5,449.38 

Total........ 

.$ 15,443.01 

N et Surplus for the Year.... $623,016.43 

Surplus, May 1, 1917.* * ’ pvpenses 

Add—Real Estate Equipment and Pre1 ;™ Engineering 

Credited to the Institute by the . 15 ,710.44 

Society but not Heretofore Shown on • ■ .--—• 

.... $63$,726. ST 

Total. 

D Value "of Equity Adjusted to One-fourth Interest: $ ^ ^ 

Real Estate Equipment, etc. 132,500.00 

Land and Building.._____- 

. $137,264.26 

Less Increase in Equity in Building by Addition 

of Three Stories... . 74,764.26 

Net Adjustment of Equity Va ue.... -. WW 563,962.61 

Surplus as Adjusted. 

.$579,40o-62 

Surplus/April 30, 1918.. . . . 










































1SS8 


REPORT OF THE BOARD OF*bl RECTORS 


AMERICAN INSTITUTE OP ELECTRICAL ENGINEERS 

Statement of Cash Receipts and Donations for Designated Pur¬ 
poses. Also Disbursements, for the Year Ended April 30, 1918. 


Exhibit C. 

Receipts: 

Life Membership Fund... 

International Electrical Congress of St. Louis Library Fund—Interest 

and Royalties. 

Mailloux Fund—Interest. 

Midwinter Convention Fund—Contributions and Interest.. 

Total. 

Disbursements: 

Life Membership Fund. 

Midwinter Convention Fund. 

Total.. 


$217.68 


93.40 

45.00 

74.5.3 


$430.61 


217.68 
6. 75 


$224.43 


RECEIPTS AND DISBURSEMENTS PER YEAR PER MEMBER. 

During each fiscal year for the past eight years. 

Year ending April 30. 1911 1912 1913 1914 1915 1916 1917 1918 

Membership, April 30, each 

year . 7117 7459 7654 7876 8054 8212 8710 9282 


Receipts per Member.513.37 513.19 $13.45 $14.08 $14.06 $13.62 $13.30 $13 17 

Disbursements per Member 11.03 12.44 15.57 12.86 13.54 13.74 12.76 11.99 


Credit Balance per Member $2.34 $.75 *$2.12 $1.22 $.52*$. .12 $.55 $1.18 


Respectfully submitted for the Board of Directors, 


New York, May 17, 1918. 


F. L. HUTCHINSON, Secretary. 
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ethod, since it is created by sorting the pap 

id then naming the groups. . , and i n such 

p,pem» r * ~ r:.>. 

ises they are inserted under as m , 
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>r those looking up specific and 
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2. GENERAL THEORY 

THE TECHNICAL STORY OF THE FREQUENCIES 

B. G. Lamme VoL r£xvli ~ 1918 * pp * 65 ‘ 85 

The various frequencies used in alternating-current work in America 
are first mentioned, and the primary reasons for their introduction are 
given. This is followed by a discussion of various alternating current 
applications which were'more or less dependent upon frequency. _ 

It is shown that there was an apparent need for two standard tre- 
quencies in the region of 60 and 25 cycles, and, further, why 60 an 
cycles have prevailed. The special fields of application of eac ^ ^ n ® ^ 
discussed fully and it is shown why 25 cycles tended to doimnate the field. 

Discussion , pages 86-89, by Messrs. H. B. Brooks, B. G. Lamm , 
G, S. Me Cumber, R. Dalgleish and Mr. Hunt. 

A general discussion. 

SOME APPLICATIONS OF ELECTROMAGNETIC THEORY TO MATTER 

Vol. xxxvii—1918, pp. 261-2SS 

A. C. Crehore 

A Lecture. 

No discussion 

COMMUTATION IN ALTERNATING-CURRENT MACHINERY 

Vol. XXXVII—1918, pp. 355-351 

Marius C. A. Latour 

The author introduces into the discussion of *e ? theory that 

teristics of alternating-current a “motor depends substantially 

perfect commutation m a contmuous-curre p 

™ *- production of . ‘IS. of • P«<«. 

“ . ”.yp— —«“*“ in i ™ rinE 

perfect commutation at exa y a^polyphase’’ revolving field can 

In a single-phase commutator moto brushes , sh0 rt- 

be produced at s J nchx °™ ^ J aced by 9 0 electrical space degrees from 
circuited upon themselves, dispiaceu u> _ 

SSU. ****** rr »< P «<-t 

As in the case of polyphas „ A . t -i. at 0 f producing a perfect rotating 

commutation at synchronism becom P {ractio nal-pitch u-indings 

6dd. It i. shown by th.: dnotots .« tt. .>0™ i- »< 

on the rotor and a sinusoidal dis 

much assistance in this con ^ eC ^‘ by q. K. Altes and V. Kara- 
Discussion (including that; of P? p _ M _ Lincoln, C. F- 

petoff). pages 379-389, by^Messr, A.^L Gi F. ^ B . Jackson and 
Scott, W. C. K. Altes, H. M. Hobart, a. a 

V. KarapetofL 

A general discussion. 
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NO-LOAD CONDITIONS OF SINGLE-PHASE INDUCTION MOTORS AND PHASE 
« xx , t . CONVERTERS 

R. E. Hellmuna Vol. xxxv ii— 1913 , pp, 539-626 

This paper shows methods and derives formulas for the determination 
of the fields, the stator and rotor magnetizing currents, and the tertiary 
voltages for phase converters and single-phase induction motors at 
no-load. This paper treats a large number of different cases along 
similar lines, thereby coordinating and explaining many phenomena 
previously observed, and it should, therefore, form a desirable basis for 
further investigations and discussion of this subject matter. 

The paper is arranged so that it can be read to good advantage without 
going through those mathematical parts marked by vertical rules. 

By reading the conclusions at the end of the paper, a fair idea of the 
principal points brought out in the paper can be obtained. 

Discussion incorporated with that of paper by B. G. Lamme on “A 

Physical Conception of the Operation of the Single-phase Induction 
Motor." 

A PHYSICAL CONCEPTION OF THE OPERATION OF THE SINGLE-PHASE 
p r T INDUCTION MOTOR 

a. kj, Lamme Vol. xro |i — 1918 , p p. 627-658 

This paper covers a method of studying the actions of the single-phase 
induction motor, which the writer has found to be very convenient from 
the educational standpoint. It is based upon the assumption of two 
equal and oppositely rotating primary magnetomotive forces combined 
with a synchronously rotating secondary m. m. f., such as would be 
produced . by direct-current excitation. Diagrams and descriptions are 
given to illustrate the magnetomotive forces and fluxes, showing how, 

among other conditions, two oppositely rotating fields of unequal value 
may be possible. 

The next step is a consideration of e. m. f. generation by two oppositely 
rotating fields, showing how both must be taken into account. The 

effects upon the counter e. m. f. and excitation, of the reduction or suppres¬ 
sion of one field is shown. 

The full-load conditions are next considered. A comparison is made 

between a two-motor unit, consisting of two similar polyphase motors 

coupled together and connected for opposite rotation, and the straight 

single-phase induction motor. This is followed by a considerable amount 

o test data which illustrate the principles and actions described in the 
paper. 

Discussion, (including that of paper by R. E. Hellmund), pages 659-702, 

by Messrs. J. Slepian, C. Fortescue, C. A. M. Weber, G. H. Garcelon, 

R. E. .Hellmund, A. M. Dudley, B. G. Lamme, M. I. Pupin, E F W 

Alexanderson, B. A. Behrend, L. W. Chubb, A. M. Gray, C. F. Scott and 
o. Haar. 

A general discussion on theory. 

METHOD OF SYMMETRICAL CO-ORDINATES APPLIED TO THE SOLUTION 

OF POLYPHASE NETWORKS 

C. L. Fortescue 

Vol. xxxvu—1918, pp. 1027-1115 

In the introduction a general discussion of unsymmetrical systems of 
co-planar vectors leads to the conclusion that they may be represented by 
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symmetrical systems of the same number of vectors tthe rnumber of 
symmetrical systems required to define the g iv ®u sy * which are to be 

its degrees of freedom. A few into three 

used in the paper are called to mind. Ihe that only that 

parts, an abstract of which dealing with star-delta 

part of Part I up to formula (33) and the portion uea s 

transformations be read before proceeding wi as • num bers 

Part I deals with the resolution of asymmetrical groups of numo^^ 

into symmetrical groups. These numbers may r *P r ® Sel J g operato ; 

of systems of operators. A new operatoi erme . are derived 

is introduced which sim P lifi | th ® e ^ an X m ations for symmetrical 
for three-phase circuits. Sta^d 1 deduced. A short dis- 

coordinates are given and expressions l ^ 

cussion of harmonics in three-phase S ^® te “ a ^ f^"this method to sym- 
Part II deals with the practical application ox x General 

metrical rotating machines operating on unsy mme induction 

formulas are derived and such = 1 of ? various types, 

motor, synchronous motor-generator, p 

are discussed. Messrs _ r. S i ep ian, C. P. Steinmetz, 

Dtscussion, P a S es 1 _ g ott c. 0. Mailloux and C. L. 

V. Karapetoff, A. M. Dudley, C. F. bcott, 

Fortescue. . wo +in A mfltical methods of 

A general discussion emphasizing certain math 

simplifying the author’s methods. 

SUSTAINED SHORT-CIRCUIT PHENOMENA AND FLUX DISTRIBUTION OF 

SALIENT-POLE ALTERNATORS 

Vol. xxxvii—1918, pp. 1141-1202 

N. S. Diamant . 

It shown in Section IV that with the 
practise, the resultant flux wave un er s. • ' ^ 23 , 27, 27a, etc., for 

the simple reason that with t ? ^ q£ thg field is re duced so much 

conditions, the fundamental o f harmonics assume a very 

by the armature reaction t inunrired oer cent of the s. s. c. 

predominant role and become ^ v ® ra ^ an ^ XIII. 

fundamental. See Fig. 26 an a es ’ ’ the _g_ C urve under load 

As a corollary to the foregoing the fundamental 

will not differ radically from ^ no s p- 2 2 and also footnote 

.ill ™m1„ large «o«gb t. Wd own. ^ is , of ooor.e. 

(4). The cross magnetizing effect o ect t0 the mid-pole axis, 

to make the F-curve unsymmetncal with respect 

Compare Figs. 7 and 22. , ,_ o , . i v dv means of full-pitch 

The magnetic oscillations are s u 1 and stator 

stator coils but also by means of rotor coils No. 7 and 8 , g 

coils No. 9, 10, 11, \ 2 ’ b® Messrs F D. Newbury, R. E. Doherty, 

Discussion, pages 1203-1208, y , 

W. F. Dawson, C. M. Davis and . • _ , ‘ solut i on of short-circuit 

A discussioh involving criticisms of author s sol utio 

phenomena. 
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REACTANCE OF SYNCHRONOUS MACHINES AND ITS APPLICATIONS 
R. E. Doherty and O. E. Shirley Vol. xxxvii—1918, pp. 1209-1297 

Part I treats of the calculation and application of the armature self- 
inductive reactance of synchronous machines. A short, reliable method 
is given in the form of curves, making the calculation from design sheet 
data a matter of a few minutes. 

An approximate, but convenient, method of applying the armature 
reactance in the calculation of field excitation under load is given in 
Appendix C. 

In Part II it is shown that the initial short-circuit current of synchronous 
machines is determined not only by the armature self-inductive reactance, 
as is often assumed, but also by the field self-inductive reactance. Neg¬ 
lecting the field reactance in calculation may give a calculated short- 
circuit current 50 per cent or more, too high. A formula is derived for 
calculating the field reactance which, added to the armature reactance, 
gives the total which determines the initial short-circuit current and which 
it is proposed should be called, as previously recommended by other 
authors, transient reactance. 

An attempt is made to describe the apparently complicated physical 
phenomena of sudden short circuits in terms as free as possible from 
mathematics. One interesting and important, point which the authors 
establish from the physical interpretation of the problem is that there is 
a very significant rise in flux at the bottom of the pole at short circuit. 

Discussion , pages 1298-1340, by Messrs. C. J. Fechheimer, V. Kara- 
petoff, F. D. Newbury, W. F. Dawson, C. L.'Fortescue, H. R. Summer- 
hayes, N. S. Diamant and R. E. Doherty. 

A discussion involving a listing of various methods of determining 
reactance and their feasibility. 

SKIN EFFECT IN TUBULAR AND FLAT CONDUCTORS 
H. B. Dwight Vol. xxxvii—1918, pp. 1379-1400 

A method is presented for calculating the skin effect resistance ratio of 
a tube, which is a form of conductor to be recommended for high-frequency 
work. A formula is also developed by means of which the asymptote to 
the curve of the ratio R'/R may be drawn, and thus the magnitude of the 
skin effect at extremely high frequencies may be obtained. 

The values of the ratio R'/R for tubes of various thicknesses, are 
plotted in a set of curves which may be used for the solution of practical 
problems. 

A similar method is described for the calculation of skin effect in a thin 
strap. A set of empirical curves for straps is given from which approxi¬ 
mate values of R f /R for any case may be read. 

Discussion, pages 1401-1403, by Messrs. J. Slepian and H. B. Dwight. 

A discussion on the value of authors deductions with further deductions 
by the author. 

CRITICAL REVIEW OF THE BIBLIOGRAPHY ON UNBALANCED MAGNETIC 
PULL IN DYNAMO-ELECTRIC MACHINES 
Alexander Gray and J. G. Pertsch, Jr. Vol. xxxvii—1918, pp. 1417-1424 

The purpose of this paper is to serve as an introduction to the succeeding 
comprehensive article by Mr. E. Rosenberg, on the subject of Magnetic 
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Pu ,t in Electric Machines. The Maxwell equation, «£» 
formulas for unbalanced magnetic pull are basea, is which 

critical review is then given of the articles pertaining to ^ ^bject wluc 
have appeared in the technical press to date. It is pointed out wherein 
the various expressions which have been proposed differ from one anoth 
and to what extent they are consistent. 

No discussion. 


E. Rosenberg 


MAGNETIC PULL IN ELECTRIC MACHINES 

Vol. xxxvii—1918, pp. 1425-1469 


See abstract of preceding paper. 

No discussion. 

^ _ TT _ A1 vrATV«5 m TO THE THEORY OF SYNCHRONOUS 
APPLICATION OF HARMONIC ANALYSIS TO * 

MACHINES 

Vol. xxxvii—1918 pp. 1477-1513 

Waldo V. Lyon 

It is shown that the flux 

machine consists of a series . constant velocities. 

slots and the satura 

tSc circuit«.... ». E »i«<*.‘««»»r “Ls: 

Mbutious. Expressions <“ to tie operation of . 

oped thereby are given. The the y Ph renditions of load both 

three-phase, synchronous machine catenated 

qualitatively and quantitatively. A table ot compara 

field currents is appended Diamant and W. V. Lyon. 

Discussion , pages 1514-1517, by Messrs, in . o. 

General discussion. 

3. UNITS, MEASUREMENTS AND INSTRUMENTS 

A NEW STANDARD OF CURRENT AND POTENTIAL 

Vol. xxxvii—1918, PP- 167-173 

Chester T. Allcutt 

This paps, ^SKSS* 

•rt“ *mil M*. — - “““ b “*« 

value of current. flf . curacv and permanence of the device 

«t^Z£S£ with .bat of P.P.. * C. A. H.xi. «« "A 

Thermoelectric Standard Cell. 

A THERMOELECTRIC STANDARD CELL 

Vol. xxxvii—1918, pp. 175-182 

C. A. Hoxie 

■’ n f obtaining a secondary standard ol 

This paper considers a _ thermocouple The construction of 

zrd P.2 - - -»«- ^ 
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A review of the characteristics brings out several advantages of the 
thermoelectric standard cell. The results of- permanency tests on a 
number of cells are shown. 

Discussion , (including that of paper by C. T. Allcutt), pages 183-188, 
by Messrs. C. H. Sharp, P. C. Stockwell, W. B. Kouwenhoven, P. G. 
Agnew, C. T. Allcutt, C. A. Hoxie and A. C. Campbell. 

A discussion covering the making of a practical substitute for the 
standard cell and other efforts to obtain a standard e. m. f. 


THE CHARACTER OF THE THERMAL STORAGE DEMAND METER 


P. M. Lincoln 


Vol. xxxvii—1918, pp. 189-210 


Following a detailed description of the principle and construction of 
the thermal storage demand meter the author shows wherein it always 
indicates what may be called “logarithmic average” rather than “arith¬ 
metic average” of power consumption, heretofore indicated by practically 
all demand meters. The inherent faults of the “arithmetic average” or 
“block interval” meter are described and examples given demonstrating 
that the thermal storage meter alone recognizes the t/ue heating effect 

that fixes^size of equipment and therefore cost that should be assessed 
against th*e customer. 

Discussion , pages 211-219, by Messrs. C. I. Hall, F. V. Magalhaes, 

G. L. Hoxie, W. H. Pratt, M. G. Lloyd, A. S. Albright, H. D. Tames! 

H. L. Wallau and P. M. Lincoln. 

This discussion consists of arguments from several viewpoints, for and 

against the thermal storage demand meter and its method of measuring 
current. 


MEASUREMENT OF POWER LOSS IN DIELECTRICS OF THREE-CONDUCTOR 

HIGH-TENSION CABLES 

F. M. Farmer Vol. pp. 221-241 

This paper describes the method used at the Electrical Testing Labora¬ 
tories for measuring the dielectric power losses in 10-foot samples of 
three-conductor cables with three-phase potential applied to the cable. 
The difficulties encountered and the methods employed to overcome them 
are discussed in considerable detail. Typical results are given in the 
form of data for two specimens of cable, one having a low power loss in 
the dielectric and one-having a high power loss in the dielectric. The 

data are also presented in the form of curves. Various conclusions are 
drawn. 

Discussion, pages 242-260, by Messrs. H. W. Fisher, R. W. Atkinson 
C. W. Davis, D. Du Bois, G. B. Shanklin, J. L. Harper, W. H Cole’ 
L. L. Elden, J. A. Walton, P. Torchio, F. W. Peek, Jr., M. G Llovd’ 
J. R. Craighead, C. A. Adams and F. M. Farmer. 

A discussion covering various methods in vogue at laboratories and 

power companies for measuring and reducing dielectric power losses 
with consequent increase of cable capacity. 
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THE SECOMOR 

A Kinematic Device Which Imitates the Performance of a Series-Wound Polyphase 

Commutator Motor. 


V. Karapetoff 


Vol. xxxvii—1918, pp. 329-354 


The device consists of four bars of adjustable useful length and 
adjustable angles. These bars can be set rn » 

the vector diagram of voltages in a motor with any destred constants. 
Bv moving the bars to varv the load, complete performance characters- 
fesTtS motor «» be obtained, i»d„di« the .peed the <or,~, »« 
power factor, etc. An addition.1 device called the rmpedometei• [m 
to take into account the impedance drop in the mac me. secomor 

saturation curve made of soft wire is used in connection withi the seco , 
to enable one to investigate the effect of saturation. A brief graphics. 
r h eo“ * “e moto, pref.de, the description of the seoc.r to „.k, ... 

action understandable. „ n a t nn 

Discussion incorporated with that of paper by Marius C. A. Latom 

“Commutation in Alternating- Current Machinery. 

PRE-CHARGED CONDENSERS IN SERIES AND IN PARALLEL ^ 

Vol. xxxvn—1918, pp. 1015-1023 

V. Karapetoff 

A condenser is charged from a source of direct voltage, andMhenj used 
as a booster in series with this source to charge ano e j 

repeating this process a large number of times the second o^d s 
finally subjected to twice the voltage of the source. This ls ^he pnncip 
of the Delon apparatus for testing cables, and is explamed “ 
example Then the more general case of two or more pre chargea 

condensers in series is considered, when these condensers ^e connec 
to some source of direct voltage; it is shown how 

distribution of voltages among ^m. A similar prob pre _ 

pre-charged condensers in parallei. J are derived simi iar to 

charged condensers is ^° n ® 1 ; n 0 £ vo itages and charges 

Kirchoff’s laws, from which the final distribution 8 

may be computed knowing Ahe initial^ distn iu L _ W . Chubb, 

Discussion , pages 1024-1025, by Messrs, u. u. ivia 

W. V. Lyon and V. Karapetoff. 

A general discussion. 


SKIN EFFECT IN TUBULAR AND FLAT CONDUCTORS 


H. B. Dwight 


Vol. xxxvii—1918, pp. 1379-1400 


A -thod 

a tube, which is a form of c ° nd y t ° r , t ° ’*3 of which the asymptote to 
work. A formula ^ { dr Ln, and thus the magnitude of the 

SLTectL extremely icknesses, are 

of ^^h^’b^ - the solution of practical 

^'JllmUar method is described for the calculation of skin effect in a thin 
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strap. A set of empirical curves for straps is given from which approxi¬ 
mate values of R'/R for any case may be read. 

Discussion, pages 1401-1403, by Messrs. J. Slepian and H. B. Dwight. 

A discussion on the value of authors deductions with further deductions 
by the author. 

4. INSULATION AND DIELECTRIC PHENOMENA 


CORONA TESTS AT HIGH ALTITUDE 

B. F. Jakobsen Vol. xxxv jj—i 9 i 8 > pp> 9 i_jo8 

This paper describes some corona tests which were made in Peru on a 
70-mile transmission line located at an average altitude of 13,300 feet. 
The voltages range from 40,000 to about 72,000. The method employed 
m the tests is described and the calculations are given. The results are 
compared to "Peek’s law.” Close correspondence is found between these 
tests and those made by Faccioli on the Shoshone-Leadville line. 

It is shown that the results are in good agreement with the formulas 
deduced by Professor Ryan from extensive laboratory tests. 

Finally test data are given for a test made during rainy weather 
Discussion, pages 109-122, by Messrs. F. W. Peek, Jr., H. J. Ryan and 
B. F. Jakobsen. 

A general discussion. 


MEASUREMENT OF POWER LOSS IN DIELECTRICS OF THREE-CONDUCTOR 

HIGH-TENSION CABLES 

F. M. Farmer „„„„ 

Vol. xxxvii—1918, pp. 221-241 

This paper describes the method used at the Electrical Testing Labora- 
tones for measuring the dielectric power losses in 10-foot samples of 

mT e ;r d " Ct0r ° ableS With three 'Pliase potential applied to the cable. 
I he difficulties encountered and the methods employed to overcome them 
are discussed in considerable detail. Typical results are given in the 
form of data for two specimens of cable, one having a low power loss in 
the dielectric and one having a high power loss in the dielectric. The 

drawn 1 " 6 ^ PreS6nted “ the form of curves - Various conclusions are 

Discussion, pages 242-260, by Messrs. H. W. Fisher, R. W. Atkinson, 

T ’ T '■£, P 1S ’ T A Jt , 01S ’ B ' Shanklm, J. L. Harper, W. H. Cole, 

T^R'crS r T IT’ T0r0hi0 ’ F ' W - Peek, Jr., M. G. Lloyd. 

J. R. Craighead, C. A. Adams and F. M. Farmer. 

DO i r dl “ n . coverin g various methods in vogue at laboratories and 
power companies for measuring and reducing dielectric power losses 

with consequent increase of cable capacity. 

APPLICATION OF THEORY AND PRACTISE Tn tttt* 

TO THE DESIGN OF TRANS¬ 
MISSION LINE INSULATORS 

Vol. xxxvii—1918, pp. 805-824 


G. I. Gilchrest 


mJi 16 ,- 153 ' 56 " fi t S ‘ ^ V6S 3 summation the items that are apparently the 
mam causes of pm-type insulator failures in service. Each item is 
briefly discussed and the opinions of operating men are cited 
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A brief description is given of the method used to determine the form 
of the dielectric field about porcelain insulators under normal line voltage. 
Diagrams of the dielectric field and photographs of flash over tests ot 
theoretical designs are shown. Necessary modifications of the theoretical 
designs, in order to meet operating and manufacturing conditions, are 
discussed. 

In the latter part of the paper, diagrams and illustrations are shown ot 
a proposed type of commercial insulator design which has been evolv ed 
by linking together the theoretical and practical phases of the problem. 
A comparison is then made between the older types of design^and the 
proposed type. 

A summary is made of the advantages it is believed that the new t\ pe 
of design has over the present commercial insulator designs. 

Discussion, pages 825-832, by Messrs. C. Fortescue, C. F. Scot., 
V. Karapetoff, L. W. Chubb, S. Barfoed and G. I. Gilchrest. . 

A general discussion on insulator design with special emphasis on 

porosity, refraction of lines of force, etc. 


LIGHTNING ARRESTER SPARK GAPS 

• Their Relation to the Problem of Protecting Against Impulse Voltages 

Vol. xxxvii—1918, PP- 833-854 

Chester T. Allcutt 

This paper describes a new form of high-voltage lightning arrester gap 

which has been called the “impulse protective gap • orevious 

The paper opens with a brief resume ot some o e { the 

investigations of the subject of impulse voltages. A 
points involved in securing adequate protection against transient toltag 

of steep wave front follows. . described and the results 

Methods employed m testing these ^ d action o{ 

of a large number of experiments wave are inclu ded in 

a high-frequency impulse ! c0 “ b “ ed imenta { data a number of curves 

IS SwT’lTt « ch.,.^ 0 . of the protective 

*■ *•* »* 

P. H. Thomas, L. W...Chubb and c - ^AlkMU a i s0 the 

A general discussion of the apparatu deagned 
theory of over-voltages that cause msu a 

THE OXIDE FILM LIGHTNING ARRESTER 

THE OXIDE Vol pp. 871-880 

Charles P. Stemm . rotect ion of electric systems is given, as 

A short history ot lightning P ^ ^ electric circuits; the commumca- 
relating. to the three successive yp _ electrostatic capacity, and 

tion circuits, the power circuits^ capaci ty and inductance 

the high power circuits c0 ^ a \ g , din<J t0 the three problems ot dis- 
and capable of electnc osciiiation T« ^ pQwer current which follows 
charging over-voltage to grou . , ^ ^ power current follows even tor a 
the discharge and discharging ^ that these problems are solved by 

fraction of a halLwave^ ^ ^ ^ q{ non . arcing metals in the mu tigap 
the st>ark gap to ground, y 
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arrester, which opens the circuit at the end of a half wave of current, and 
by the so-called "counter e. m. f.” type of arrester, represented by the 
aluminum cell and the oxide film arrester. 

In the oxide film arrester a type of arrester is presented which has the 
same characteristics and therefore the same advantages as the aluminum 
cell aprester, but does not require daily attendance and contains no liquids. 

Its method of operation is explained, and its difference from the alumi¬ 
num cell arrester. 

A short description of the construction of the oxide film arrester is 
given, a record of its operation in industrial service for over three years, 
and oscillograms showing the performance of this arrester under reeur- 
rents, oscillations and under high-power impulses. 

Discussion incorporated with that of paper by Crosby Field on "The 
Oxide Film Lightning Arrester.” 


Crosby Field 


THE OXIDE FILM LIGHTNING- ARRESTER 

Vol. xxxvii—1918, pp. 881-890 


The oxide film arrester is a new type of lightning arrester made up of a 
film of insulation in contact with a conducting powder. Upon the 
application of over-voltage, the insulation will be pierced, but the powder 
will very rapidly turn into insulation and plug any holes punctured in 
the original insulation by the over-voltage, thus forming in substance a 
resealing insulation. A brief description of this arrester is given together 
with the principles underlying its action and a comparison with other 
types of lightning arresters. Mention is also made of other characteristics 
of this combination which are not used in the present arrester, but which 
are being applied in other developments. A few r notes of tests on the 
conimercial arrester complete this paper. With the exception of the 

basic patents issued to the author this is the first time any disclosure has 
been made of this arrester. 

Discussion (including that of paper by C. P. Steinmetz), pages 891-896 

by Messrs. C. P. Steinmetz, N. A. Lougee, L. W. Chubb and C T. Allcutt.’ 

A general discussion... 


5. ELECTRIC CONDUCTORS 

measurement of power loss in dielectrics of three-conductor 

HIGH-TENSION CABLES 

F. M. Farmer , r . 

Vol. xxxvii—1918, pp. 221-241 

This paper describes the method used at the Electrical Testing Labora- 
tones for measuring the dielectric power losses in 10-foot samples of 

Tr;°r d t Ct0r Cab eS Wlth three -P hase potential applied to the cable 
he difficulties encountered and the methods employed to overcome them 

form ofTtl f m t COnSiderable detaiL Epical results are given in £ 
form of data for two specimens of cable, one having a low power loss in 

the dielectric and one having a high power loss in the dielectric The 
drawT S ° PreS6nted m the form of curves - Various conclusions are 
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Discussion, pages 242-260, by Messrs. H. W. Fisher, K. W. Atkinson, 
C. W. Davis, D. Du Bois, G. B, Shanklin, J. L. Harper, JA . H Cole, 
L. L. Elden, J. A. Walton, P. Torchio, F. W. Peek, Jr., M. G. L oy , 
J. R. Craighead, C. A. Adams and F. M. Farmer. . . j 

A discussion covering various methods in vogue at laboratories and 
power companies for measuring and reducing dielectric power losses 
with consequent increase of cable capacity. 

DESIGN OF UNDERGROUND DISTRIBUTION FOR ELECTRIC LIGHT AND 

POWER SYSTEMS 

Vol. xxxvii —1918, pp. 399-449 

G. J. Newton 

In a previous paper presented at the 10th ilnnual Convention of the 
Association of Iron and Steel Electrical Engineers the author treked t 
subject only in a general manner; the object of this article 1 ’ 

assuming average conditions, each step necessary m t e , es * g *\ ,. 
underground distribution system, such as is usually require m 

Where costs are given they are based on normal conditions and should 
not be taken as being the present costs, they are use bimp y 

Owing to lack of space no tables have been printed in this article 

they can be found in electrical c w. Rakestraw, 

Discussion , pages 450-461, by Messis. A. • Y ’ Hihben and 

H. L. Wallau, E. Friedlaender, E. B. Meyer, W. Sykes, F. M. Hibben and 

^ A general discussion involving description of variations fro “ P r ^ S * 
as described by the author and arguments on the question ot varms 

cambric vs. paper insulated cables. 


SPLIT-CONDUCTOR CABLE—BALANCED PROTECTION 


W. H. Cole 


Vol. xxxvii—1918, pp. 757-784 


Primarily, this paper is intended to be a brief history of he pnnup 
experiences of the Edison Electric Illuminating GompanyofBosto 
the design and application of selective balanced-protection scheme 

parallel .connected transmission conductors. hothasto 

Split-conductor cables are discussed at considerable ength both * . to 
design and operation. Paired ordinary conductors also are discussed, 

and their relation to so-called split-conductors pom e . 

Special apparatus and devices required in connection with curr 

balancing schemes are illustrated and discusse . • th- wav for 

A partial nomenclature is proposed to assist - f anng the w o 
intelligent discussion and a uniform understanding of the general subje 
of current-balance protection for paired conductor. _ 

A schedule of installations in the Boston system is givem 
No general conclusions are drawn since the paper is o: the* nature^of 

repor/on progress; specific conclusions are d “ £ w .^he reasonab Ty 
of cases where the evidence or expenence appears to be reaso y 

conclusive. 
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A mathematical discussion of a number of reactive end-impedance 
devices, by Professor C. A. Adams, is appended. 

Discussion , pages 785-790,. by Messrs. J. B. Taylor, W. H. Cole, W. A. 
Del Mar, P. M. Lincoln, E. B. Meyer, R. W. Atkinson, J. R. Craighead 
and 0. C. Traver. 

A discussion on various factors involved in cable installations. 


AERIAL CABLE CONSTRUCTION FOR ELECTRIC POWER TRANSMISSION 
E B. Meyer Vol. xxxvii—1918, pp. 791-800 

This paper deals with the problem of supplying high-tension electric 
service where conditions do not permit of the use of open wire or under¬ 
ground circuits. 

The methods of overcoming difficulties incidental to. providing for 
high-tension service are discussed in detail, together with a description 
of the types of cable used and methods of installation. 

The experience of a large central station company operating several 
hundred miles of overhead and underground cable is given and the paper 
brings out the fact that the type of construction described may be used 
advantageously for both 13,200- and 26,400-volt service. 

Discussion , pages 801-S03, by Messrs. W. F. Dawson, E. B. Meyer, 
H. L. Wallau, W. A. Del Mar, J. B. Taylor, P. Torchio, J. A. Johnson and 
H. R. Summerhayes. 

A general discussion. 


SKIN EFFECT IN TUBULAR AND FLAT CONDUCTORS 
H. B. Dwight Vol. xxxvii—1918, pp. 1379-1400 


A method is presented for calculating the skin effect resistance ratio of 
a tube, which is a form of conductor to be recommended for high-frequency 
work. A formula is also developed by means of which the asymptote to 
the curve of the ratio R'/R may be drawn, and thus the magnitude of the 
skin effect at extremely high frequencies may be obtained. 

The values of the ratio R'/R for tubes of various thicknesses, are 
plotted in a set of curves which may be used for the solution of practical 
problems. 

A similar method is described for the calculation of skin effect in a thin 
strap. A set of empirical curves for straps is given from which approxi¬ 
mate values of R'/R for any case may be read. 

Discussion, pages 1401-1403, by Messrs. J. Slepian and H. B. Dwight. 

A discussion on the value of authors deductions with further deductions 
by the author. 


7. BATTERIES 


A NEW STANDARD OF CURRENT AND POTENTIAL 
Chester T. Allcutt Vol. xxxvii-—1918, pp. 167-173 


This paper describes a new secondary standard which is proposed as a 
substitute for the standard cell' in certain classes of d-c. measurements. 

The device consists of a Wheatstone bridge which will balance for but one 
value of current. 
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Various factors affecting the accuracy and permanence of the device 
are discussed and a number of curves are given showing the characteristics 

which have been obtained. ■ 

Discussion incorporated with that of paper by C. A. Hoxie on 

Thermoelectric Standard Cell.” 


C. A. Hoxie 


A THERMOELECTRIC STANDARD CELL 

Vol. xxxvii—1918, pp. 175-182 


This paper considers a means of obtaining a secondary standard of 
e. m. f. by utilizing the e. m. f. of a thermocouple. The construction of 
the cell is discussed in detail, particularly the use of gas in the bul . 

A review of the characteristics brings out several advantages of the 
thermoelectric standard cell. The results of permanency tests on a 

number of cells are shown. _ 

Discussion , (including that of paper by C. T. Allcut t), pages 
by Messrs. C. H. Sharp, F. C. Stockwell, W. B. Kouwenhoven, P. Or. 
Agnew, C. T. Allcutt, C. A. Hoxie and A. C. Campbell. . . 

A discussion covering the making of a practical substitute for the 
standard cell and other efforts to obtain a standard e. m. f. 


9. ELECTRICAL MACHINERY AND APPARATUS 


B. G. Lamme 


THE TECHNICAL STORY OF THE FREQUENCIES 

Vol. xxxvii—1918, pp. 66-85 


The various frequencies used in alternating-current work in America 
are first mentioned, and the primary reasons for their introduction are 
given. This is followed by a discussion of various alternating current 
applications which were more or less dependent upon frequency. 

It is shown that there was an apparent need for two standard re- 
quencies in the region of 60 and 26 cycles, and, further, why 60 and -5 
cycles have prevailed. The special fields of application of each one are 
discussed fully and it is shown why 25 cycles tended to dominate the fieM. 

Discussion, pages 86-89, by Messrs. H. B. Brooks, B. G. Lamm ., 
G. S. Me Cumber, R. Dalgleish and Mr. Hunt. 

A general discussion. 

RATING AND SELECTION OF OIL CIRCUIT BREAKERS 
E. M. Hewlett, J. N. Mahoney and G. A. Burnham Vol. xxxvii—1918, pp. 123 138 

On account of the variable conditions in systems on^ which ^circuit 
breakers are used, it is impossible to give a simp e ru e w ic ^ 
the selection of circuit breakers for all cases. T e ors . 

interpretations of the A. I. E. E. Standardization Rules covenng the 
rating of oil circuit breakers and consider the vana e . ac 
involved in the selection of circuit breakers for various syste ms.A 
method is suggested whereby short-circuit characteristici of varums 

systems can be used for determining the P^°P ei ec ic j n verv i arge 

breakers for average systems. The method does not app y y g 

systems or unusual CQpditiQUSv 
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Discussion , pages 139-165, by Messrs. E. M. Hewlett, J. N. Mahoney, 
H. R. Summerhayes, W. W. Willard, B. Jones, F. C. Hanker, P. Torchio, 
P. M. Lincoln, R. E. Doherty, F. L. Hunt, H. H. Dewey, H. D. James, 
N. L. Pollard, E. G. Merrick, P. H. Adams, I. M. Cushing, C. Lichten- 
berg, A. Collins, C. C. Garrard and G. A. Burnham. 

A general discussion largely from the viewpoint of the importance of 
arriving at a standard method of rating circuit breakers as to capacity. 

THE POLYPHASE SHUNT MOTOR 

W. C. Korthals Altes Vol. xxxvii—1918, pp. 295-327 

There exists a demand for a reliable, adjustable-speed, alternating- 
current motor, suitable for operation at a large number of speeds. The 
neutralized motor with shunt field control is analyzed and it is shown 
that it is not practical for commercial frequencies. The induction motor 
with commutator on the secondary side is discussed. The induction 
motor with commutator on the primary side offers the best solution for 
machine-tool motors. Its theory is discussed in detail, and a complete 
description is given of the mechanism required to shift the brushes and 
the new type of armature winding used. 

Discussion incorporated with that of paper by Marius C. A. Latour on 
"Commutation in Alternating-Current Machinery.” 

COMMUTATION IN ALTERNATING-CURRENT MACHINERY 
Marius C. A. Latour Vol. xxxvii—1918, pp. 355-381 

The author introduces into the discussion of the commutating charac¬ 
teristics of alternating-current commutating motors, his theory thae 
perfect commutation in a continuous-current motor depends substantially 
on the production of a mean resultant neutral field in the region whert 
commutation is taking place, and shows that the production of a perfect 
revolving field in a polyphase commutator motor assists in insuring 
perfect commutation at exact synchronism. 

In a single-phase commutator motor a “polyphase” revolving field can 
be produced at synchronism by utilizing supplementary brushes, short- 
circuited upon themselves, displaced by 90 electrical space degrees from 
the main single-phase brushes on the commutator. 

As in the case of polyphase motors, the problem of securing perfect 
commutation at synchronism becomes that of producing a perfect rotating 
field. It is shown by the author that the use of fractional-pitch windings 
on the rotor and a sinusoidal distribution of conductors on the stator is of 
much assistance in this connection. 

Discussion (including that of papers by W. C. K. Altes and V. Kara- 
petoff), pages 379-389, by Messrs. A. M. Gray, P. M. Lincoln, C. F. 
Scott, W. C. K. Altes, H. M. Hobart, B. A. Behrend, W. B. Jackson and 
V. Karapetoff. 

A general discussion. 

SOME CONSIDERATIONS IN DETERMINING THE CAPACITY OF ROLLING- 

MILL MOTORS 

Robert F. Hamilton Vol. xxxvii—1918, pp. 463-484 

A consideration in detail of electric drive for rolling mills, including 
classification of mills and motors, mathematical determinations of energy 
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required for rolling, relation of speed to tonnage, motor capacity and 

flywheel application. _ A ,, . 

Discussion , pages 485-489, by Messrs. A. M. Dudley, C. A. Menk, 

N. W. Storer and W. Sykes. . 

A discussion on relative importance of the requirements specified m 

rolling mill motor selection. 

SELECTION OF STEEL MILL AUXILIARY MOTORS AND CONTROL AS AFFECTED 

BY MECHANICAL FEATURES OF THE DRIVE 


J. D. Wright 


Vol. xxxvii—1918, pp. 491-496 


The author describes manipulators for blooming mills, which consist of 
side guards and lifting fingers, the former being used to guide the bloom 

into the proper groove in the rolls while the latter are used for turning t e 

bloom over. The functions, mechanical layout and operation of these 
manipulators are described, from which conclusions are drawn as to the 
size and type of motors as well as the type of control best suited for driving 

these auxiliaries. _ . , r , 

Discussion , pages 497-501, by Messrs. E. Fnedlaender C. A. Menk. 

T. E. Tynes, H. S. Richardson, B. G. Beck, G. E. Stoltz and J. D. Wrig , 
A description of variations from authors practise in equipment anc 

control. 

NO-LOAD CONDITIONS OF SINGLE-PHASE INDUCTION MOTORS AND PHASE. 

CONVERTERS 


R. E. Hellmund 


Vol. xxxvii—1918, pp. 539-626 


This paper shows methods and derives formulas for the determination 
of the fields, the stator and rotor magnetizing currents, and the tertiary 
voltages for phase converters and single-phase induction motors a 
no-load This paper treats a large number of different cases along 
similar'lines, thereby coordinating and explaining many phenomena 
previously observed, and it should, therefore, form a desirable basis or 
further investigations and discussion of this subject matter. 

The paper is arranged so that it can be read to good advantage without 
going through those mathematical parts marked by vertical rules. 

By reading the conclusions at the end of the paper, a fair idea of le 
principal points brought out in the paper can be obtained. ^ 

Discussion incorporated with that of paper by B. . amme on 
Physical Conception of the Operation of the Single-phase Induction 

Motor.” 

A PHYSICAL CONCEPTION OF THE OPERATION OF THE SINGLE-PHASE 

INDUCTION MOTOR 

Voi. xxxvii—1918, pp. 627-658 

B. G. Lamme 

This paper covers a method of studying the actions of the single-phase 
induction motor, which the writer has found to be very convenient from 
the educational standpoint. It is based upon the assumption of two 
equal and oppositely rotating primary magnetomotive forces combined 
with a synchronously rotating secondary m. m. f., such as would e 
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produced by direct-current excitation. Diagrams and descriptions are 
given to illustrate the magnetomotive forces and fluxes, showing how, 
among other conditions, two oppositely rotating fields of unequal value 
may be possible. 

The next step is a consideration of e. m. f. generation by two oppositely 
rotating fields, showing how both must be taken into account. The 
effects upon the counter e. m. f. and excitation, of the reduction or suppres¬ 
sion of one field is shown. 

The full-load conditions are next considered. A comparison is made 
between a two-motor unit, consisting of two similar polyphase motors 
coupled together and connected for opposite rotation, and the straight 
single-phase induction motor. This is followed by a considerable amount 
of test data which illustrate the principles and actions described in the 
paper. 

Discussion , (including that of paper by R. E. Hellmund), pages 659-702, 
by Messrs. J. Slepian, C. Fortescue, C. A. M. Weber, G. H. Garcelon, 

R. E. Hellmund, A. M. Dudley, B. G. Lamme, M. I. Pupin, E. F. W. 
Alexanderson, B. A. Behrend, L. W. Chubb, A. M. Gray, C. F. Scott and 

S. Haar. 

A general discussion on theory. 


LIGHTNING ARRESTER SPARK GAPS 


Their Relation to the Problem of Protecting 
Chester T. Allcutt 


Against Impulse Voltages 

Vol. xxxvii—1918, pp. 833-854 


This paper describes a new form of high-voltage lightning arrester gap 
which has been called the “impulse protective gap". 

The paper opens with a brief resume of some of the results of previous 
investigations of the subject of impulse voltages. A discussion of the 
points involved in securing adequate protection against transient voltages 
of steep wave front follows. 

Methods employed in testing these'gaps are described and the results 
of a large number of experiments are tabulated. Tests on the action of 
a high-frequency impulse combined with a 60-cycle wave are included in 
the experimental work. From the experimental data a number of curves 
are plotted showing the discharge characteristics of the impulse protective 
gap under many different conditions. 

Discussion , pages 855-869, by Messrs. P. M. Lincoln, F. W. Peek, Jr., 
P. H. Thomas, L. W. Chubb and C. T. Allcutt. ' 

A general discussion of the apparatus designed by Allcutt and also the 
theory of over-voltages that cause insulation failures. 


THE OXIDE FILM LIGHTNING ARRESTER 
Charles P. Steimnetz Vol. xxxvii— 1918, pp. 871-880 

A short history of lightning protection of electric systems is given, as 
relating to the three successive types of electric circuits;' the communica¬ 
tion circuits, the power circuits of negligible electrostatic capacity, and 
the high power circuits containing distributed capacity and inductance 
and capable of electric oscillation, leading to the three problems of dis¬ 
charging over-voltage to ground, opening the power current which follows 
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the discharge aad discharging so that no power current follows ewe" for * 

Lotion of a half wave. ft « shown that those problem, are solved by 

the spark gap to ground, by the use of non-arcing metals in the mu g P 

arresto which opens the circuit at the end of a half wave of current, and 
arrester, wmcn opeua _ , ,> + mfk of arre ster, represented by the 

by. the so-called counter e. m. f. yp 

aluminum cell and the oxide film arrester. 

In the oxide film arrester a type of arrester is presented winch^the 

same characteristics and therefore the same advantages as the alumm 

11 + Put not reauire daily attendance and contains no liquid . 

cell arrester,’ but does not require udiiy a . o , n tlle a i um i- 

Its method of operation is explained, and its difference fiom the alum 

num cell arrester. _ „ n .ofniption of the oxide film arrester is 

A short description of the c0 "”.“ t °., for ovei . three years, 

given, a recoid o its opera ion 1 . hi arrester under recur- 

and oscillograms showing the performance 

rents, oscillations and under high-power impu ses. Field on “The 

Discussion incorporated with that of paper by Ciosb> I ield 

Oxide Film Lightning Arrester." 


Crosby Field 


the oxide film lightning arrester 

Vol. xxxvii—1918, pp. 881-890 


The oxide film arrester is a new type tl 

film of insulation in contact with a conducting^ po ^ d& . 

application of over-voltage, the insulation wi ef ’ g ncture d j n 

will very rapidly turn into insulation an p u substance a 

the original insulation by the over-voltage thus form 
resealine insulation. A brief description of this arrester is S lverl 
triples underlying its action and 
types of lightning arresters. Mentionis aiso made of other ha ract 

of this combination which are not used m = ^“ of tests, on the 
are being applied m other deve opmen s. ^ exception Q f the 

commercial arrester complete th p p ■ „ disclosure has 

basic patents issued to the author this is the first time any 

been made of this arrester c _ R Steinmet z), pages 891-896, 

Discussion (including that ? f f p y L w _ chubb an d C. T. Allcutt. 
by Messrs. C. P. Stemmetz, N. A. Lougee, b. v 

A general discussion. 

pre-charged condensers in series and in PARALLEL 

Vol. xxxvii—1918, pp. 1015-1023 

V. Karapetoff " 

A condenser is charged from a source of d f 
as a booster in series with this source to charge a^^ 1^^ condenser is 

repeating this process a large num er ce This is the principle 

finally subjected to twice the y lta S® of th - g ex lained in a numerical 

of the Delon apparatus for testing c ^^ ^ ^ more “pre-charged" 

example. Then th<e more g when tbe se condensers are connected 

condensers m senes is cmad<md., ^ tQ determine the final 

to. some source of direct vMta„ , ^ similar problem is solved, for 

distribution of voltages amon & 
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pre-charged condensers in parallel. Finally a general network of pre¬ 
charged condensers is considered, and equations are derived similar to 
KirchofFs laws, from which the final distribution of voltages and charges 
may be computed knowing the initial distribution. 

Discussion , pages 1024-1025, by Messrs. C. 0. Mailloux, L. W. Chubb, 
W. V. Lyon and V. Karapetoff. 

A general discussion. 

PROTECTION FROM FLASHING FOR DIRECT-CURRENT APPARATUS 
J. J. Linebaugh and J. L. Burnham Vol. xxxvii—1918, pp. 1341-1352 

The equipment developed for the protection of direct-current apparatus 
as described in this paper is applicable to all direct-current apparatus and 
all methods of operation. Special means of protection for use only with 
particular apparatus or conditions of operation have not been mentioned. 
The principal steps in the experimental development of high-speed circuit 
breakers and flash barriers are briefly given. 

Complete protection for any direct-current apparatus and service 
requires both the high-speed breaker and flash barriers. Attention is 
directed to the importance of arranging the connections to the brush 
rigging so that the magnetic action on the arc will be a minimum, and 
properly directed, so the flash will do the least damage. 

Discussion , pages 1353-1365, by Messrs. 0. L. Fortescue, F. C. Hanker, 
H. B. Dwight, F. Wunsch, F. D. Newbury, W. F. Dawson, J. F. Tritle, 
H. E. Trent and J. L. Burnham. 

Description of various types of high-speed breakers and installations. 

A DIRECT-CURRENT GENERATOR FOR CONSTANT POTENTIAL AT VARIABLE 

SPEED 

S. R. Bergman Vol. xxxvii—1918, pp. 1406-1412 

The standing of this problem in the past is briefly reviewed. As far as 

is known to the author the type of machine described presents a new 
solution. 

^ The theory of the machine is described and diagrams of connections 
given. Performance curves obtained from tests are shown. 

A method is described whereby instantaneous regulation of the voltage 
is obtained, which method also secures approximately a constant voltage 
independent of the heating. " b 

Finally there follows a discussion of the efficiency of the new machine 
as compared with a standard machine of the same speed and output. 

Discussion ,, pages 1413-1415, by Messrs. J. G. De Remer and S. R. 
Bergman. 

General discussion. 


H. A. Homor 


ELECTRIC WELDING—A NEW INDUSTRY 

Vol. xxxvii—1918, pp. 1519-1529 


This paper covers a brief review of the uses of electric spot and arc 
we ding m this country prior to the formation of the Electric Welding 
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Committee of the Emergency Fleet Corporation. It compares the status 
of the art at the present time and emphasizes the developments that have 
been made in apparatus in the last six months. It treats of the activities 
of the Welding Committee in applying electric welding processes to the 
ship-building industry and points the way to the general applicability of 
this method to other industries. It shows that the results obtained by 
investigation and physical tests prove that the applications of this process 
to heavy work are satisfactory. 

No discussion. 


ELECTRIC MOTORS IN THE CEMENT INDUSTRY 
R. B. Williamson Vol. rxxvii—1918, pp. 1531-1567 

This paper has been compiled by the Committee on Industrial and 
Domestic Power to give general information regarding the different 
classes of machinery used in the cement industry and the sizes and types 
of motor best adapted for the work. The paper gives, first, a brief 
description of the process. This is followed by an outline of the various 
kinds of machinery used together with data as to pow T er requirements. 
The types of motor best suited to each application together with starting 
characteristics, overload capacity, torque and other features are indicated. 

Discussion, pages 1568-1605, by Messrs. A. M. Dudley, A. Simon, 
W. C. Kalb, L. Bradley, W. L. Merrill, H. D. James, F. J. Burd, E. 
Friedlaender, W. T. Snyder, L. E. Underwood, S. Haar, J. N. Mahoney, 
R. J. Dearborn, J. Dixon, A. L. Hadley, C. H. Sonntag, D. B^. Rushmore, 
T. E. Simpers, H. Weichsel, S. H. Harrison, G. H. Rowe, W. I- Shchter 

and R. B. Williamson. 

A discussion mainly on particular points to be emphasized m selection 
of motors for the cement industry. 


11. POWER PLANTS AND CENTRAL STATIONS 

EFFECTS OF WAR CONDITIONS ON COST AND QUALITY OF ELECTRIC SERVICE 
Lynn S. Goodman and William B. Jackson Vol. xnra-1918, pt>. 1-17 

This paper comprises a consideration of the effects of war conditions as 
they apply to the electric light and power service of the country. ^ 

It is shown that the increased cost for fuel and other supplies, a or 
and taxes alone, occasioned by the war conditions, would amountto an 

increase of more than $116,000,000 ^ToTwercompanies o! 

should have been expected for the electnc lg a P 

the country under normal conditions for 191/. 

The important advantages which are inherent m the central electee 

power stations for supplying t0 e n- 

ability for the government to make er stations is pointed out. 

courage the development of th worked out will have a 

The way in which the “^“Lrvice not only dur- 

bearing upon the cost of electnc ligiit ana po« 

ing the war but for ^ Upehrend, Mr. Sykes, J. W. 

Discussion, pages 18-63, by Messrs, p. 
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Cowles, C. A. Adams, W. B. Jackson, F. A. Bryan, R. G. Hudson, M. 
Freund, B. J. Arnold, P. Torchio, P. Betts, W. S. Gorsuch, H. M. Hobart, 
D. C. Jackson, P. H. Bartlett, W. N. Smith, J. J. Harold, P. R. Moses, 
R. F. Schuchardt, F. A. Coffin, D. W. Roper, C. W. Pendell, C. A. Keller, 
F. H. Bernhard, J. W. Mabbs, A. Honegger. 

A general discussion on the various phases of the central station prob¬ 
lems. 

AMERICA’S ENERGY SUPPLY 

Charles P. Steinmetz Vol. xxxvii—1918, pp. 985-1009 

The gist of the paper is to demonstrate that the economical utilization 
of the country’s energy supply requires generating electric power where- 
ever hydraulic or fuel energy is available, and collecting the power electri¬ 
cally, just as we distribute it electrically . 

In the first section a short review of the country's energy supply in 
fuel and water power is given.. i 

In the second section it is shown that the modern synchronous station 
is necessary for large hydraulic powers, but the solution of the problem of 
the economic development of the far more numerous smaller waterpowers 
is the adoption of the induction generator. 

The third section considers the characteristics of the induction generator 
and the induction-generator station, and its method of operation, and 
discusses the condition of “dropping out of step of the induction generator” 
and its avoidance. 

In the appendix the corresponding problem is pointed out with reference 
to fuel power, showing that many millions of kilowatts of potential 
power are wasted by burning fuel and thereby degrading its energy that 
could be recovered by interposing simple steam turbine induction genera¬ 
tors between the boiler and the steam heating systems, and collecting 
their power electrically. 

Discussion , pages 1010-1014, by Messrs. A. M. Schoen, B. A. Behrend, 
S. Barfoed, R. Bennett and C. P. Steinmetz. 

A general discussion. ' ■ ■ 

THE AUTOMATIC HYDROELECTRIC PLANT 
J. M. Drabelle and L. B. Bonnett Vol. xxxvii—1918, pp. 1367-1377 

The automatic hydroelectric generating station of the Iowa Railway 
and Light Company at Cedar Rapids, Iowa, is a radical step in advance 
in the elimination of operator’s wages in a. station of appreciable size 
without sacrificing complete control. 

Discussion, page 1378, by Messrs. H. R. Summerhayes, J. J. Linebaugh, 
Mr. Bump, O. C. Traver, J. M. Drabelle and L. B. Bonnett. 

General discussion. 


ECONOMIC PROPORTION OF HYDROELECTRIC AJfD STEAM POWER 
Frank G. Baum Vol. rxxvii-1918, pp. U71-1475 


This paper describes a new method of determining for any power system, 
what proportion of generation should be hydroelectric, and what steam, 
from the standpoint of economics. 
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A method is outlined for obtaining a curve showing “Total cost per 
kilowatt-year for hydroelectric and steam power”, for any percentage 
combination of generation. 

With system load curve, fixed charges on steam and hydroelectric 
plants, cost of fuel and other steam energy charges all known quantities, 
this curve can readily be calculated, and one can see at a glance the limiting 
economical percentage of steam power for the given conditions. 

No discussion. 


ELECTRIC POWER GENERATION IN ONTARIO ON SYSTEMS OF HYDROELEC¬ 
TRIC POWER COMMISSION 


Arthur H. Hull 


Yol. xxxvii—19Iff, pp. 1607-1630 


Discussion, pages 1631-1636, by Messrs. H. U. Hart, W. G. Hewson, 
A. H. Hull, T. A. Worcester, E. M. Ashworth, H. R. Summerhayes, W. 
Mac Lachlan, P. A. Borden and F. A. Gaby. 

Questions and answers on details of the system. 


13. TRANSMISSION LINES 


B. F. Jakobsen 


* CORONA TESTS AT HIGH ALTITUDE 

Vol. xxxvii—1918, pp. 91-108 


This paper describes some corona tests which were made in Peru on a 
70-mile transmission line located at an average altitude of 13,300 feet. 
The voltages range from 40,00G to about 72,000. The method employed 
in the tests is described and the calculations are given. The results are 
compared to “Peek’s law.” Close correspondence is found between these 
tests and those made by Faccioli on the Shoshone-Leadville line. 

It is shown that the results are in good agreement with the formulas 
deduced by Professor Ryan from extensive laboratory tests. 

Finally test data are given for a test made during rainy weather. 
Discussion, pages 109-122, by Messrs. F. W. Peek, Jr., H. J. Ryan an 

B. F. Jakobsen. 

. A general discussion. 


MEASUREMENT OF POWER LOSS IN DIELECTRICS OF THREE-CONDUCTOR 

HIGH-TENSION CABLES 

Vol. xxxvii—1918, pp. 221-241 

<\ M. Fanner 

This paper describes the method used at the Electrical Testing Laborat¬ 
ories for measuring the dielectric power losses in 10-foot samples of 
;hr.ee-conductor cables with three-phase potential applied to the cable. 
The difficulties encountered and the methods employed to overcome them 
are discussed in considerable detail. Typical results are given m the 
:orm of data for two specimens of cable, one having a low power loss in 
the .dielectric and one having a high power loss in the dielectric. The 
data are also presented in the form of curves. Vanous conclusions are 

d rawn 

Discussion, pages 242-260, by Messrs. H. W. Fisher, R. W. Atkinson, 
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C. W. Davis, D. Du Bois, G. B. Shanklin, J. L. Harper, W. H. Cole, 
L. L. Elden, J. A. Walton, P. Torchio, F. W. Peek, Jr., M. G. Lloyd, 
J. R. Craighead, C. A. Adams and F. M. Farmer. 

A discussion covering various methods in vogue at laboratories and 
power companies for measuring and reducing dielectric power losse s 
with consequent increase of cable capacity. 

SPLIT-CONDUCTOR CABLE—BALANCED PROTECTION 
W. H. Cole Vol. xxxvii—1918, pp. 757-784 

Primarily, this paper is intended to be a brief history of the principal 
experiences of the Edison Electric Illuminating Company of Boston in 
the design and application of selective balanced-protection schemes to 
parallel connected transmission conductors. 

Split-conductor cables are discussed at considerable length, both as to 
design and operation. Paired ordinary conductors also are discussed, 
and their relation to so-called split-conductors pointed out. 

Special apparatus and devices required in connection with current¬ 
balancing schemes are illustrated and discussed. 

A partial nomenclature is proposed, to assist in clearing the way for 
intelligent discussion and a uniform understanding of the general subject 
of current-balance protection for paired conductors. 

A schedule of installations in the Boston system is given. 

No general conclusions are drawn since the paper is of the nature of a 
report on progress; specific conclusions are drawn, however, in a number 
of cases where the evidence or experience appears to be reasonably 
conclusive. 

A mathematical discussion of a number of reactive end-impedance 
devices, by Professor C. A. Adams, is appended. 

Discussion , pages 785-790, by Messrs. J. B. Taylor, W. H. Cole, W. A. 
Del Mar, P. M. Lincoln, E. B. Meyer, R. W. Atkinson, J. R. Craighead 
and O. C. Traver. 

A discussion on various factors involved in cable installations. 

AERIAL CABLE CONSTRUCTION FOR ELECTRIC POWER TRANSMISSION 
E. B. Meyer Vol. ^xxvii—1918, pp. 791-800 

This paper deals with the problem of supplying high-tension electric 
service where conditions do not permit of the use of open wire or under¬ 
ground circuits. 

The methods of overcoming difficulties incidental to providing for 
high-tension service are discussed in detail, together with a description 
of the types of cable used and methods of installation. 

The experience of a large central station company operating several 
hundred miles of overhead and underground cable is given and the paper 
brings out the fact that the type of construction described may be used 
advantageously for both 13,200- and 26,400-volt service. 

Discussion , pages 801-803, by Messrs. W. F. Dawson, E. B. Meyer, 

H. L. Wallau, W. A. Del Mar, J. B. Taylor, P. Torchio, J. A. Johnson and 
H. R. Summerhayes. 

A general discussion. 
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APPLICATION OF THEORY AND PRACTISE TO THE DESIGN OF TRANS¬ 
MISSION LINE INSULATORS 

G. I. Gilchrest Voi. xxxvii—1918, pp. 805-824 

* 

The paper first gives a summation of the items that are apparently the 
main causes of pin-type insulator failures in service. Each item is 
briefly discussed and the opinions of operating men are cited. 

A brief description is given of the method used to determine the form 
of the dielectric field about porcelain insulators under normal line voltage. 
Diagrams of the dielectric field and photographs cf flash over tests of 
theoretical designs are shown. Necessary modifications of the theoretical 
designs, in order to meet operating and manufacturing conditions, are 
discussed. 

In the latter part of the paper, diagrams and illustrations are shown or 
a proposed type of commercial insulator design which has been evolved 
by linking together the theoretical and practical phases of the problem. 
A comparison is then made between the older types of design and the 
proposed type. 

A summary is made of the advantages it is believed that the new type 
of design has over the present commercial insulator designs. 

Discussion , pages 825-832, by Messrs. C. Forteseue, L. F. Scott, 
V. Karapetoff, L. W. Chubb, S. Barfoed and G. I. Gilchrest. 

A general discussion on insulator design with special emphasis on 
porosity, refraction of lines of force, etc. 


ELECTRIC POWER GENERATION IN ONTARIO ON SYSTEMS OF HYDROELEC¬ 
TRIC POWER COMMISSION 

Arthur H. Hull rzxvii-1918, pp. 1607-U30 

Discussion , pages 1631-1636, by Messrs. H. U. Hart, W. G. Hewson, 
A. H. Hull, T. A. Worcester, E. M. Ashworth, H. R. Summerhayes, V. 

Mac Lachlan, P. A. Borden and F. A. Gaby. 

Questions and answers on details of the system. 

110,000-VOLT TRANSMISSION LINE OVER THE ST. LAWRENCE RIVER 

Vol. xxxvii—1918, pp. 1653-168 

S. Svenningson 

The paper deals with some remarkable construction rece ^’ “^ eted 
by the Shawinigan Water & Power Company near Three R vers Quebec 

The St Lawrence river is crossed by transmission line wires on a span o 
4800 feet, being the longest span m the so . 

navigation clearance, the towers are 350 ee ig • onnQ+ruc- 

The oreliminary investigation leading to the adoption ot this construc- 

outlined and a general description is given of the design and con- 
tion is ouuinea, emu s _ rubles The provisions for pro- 

struction of the towers, insulators and cab . P 

- • a nw/ d + 1,0 method of sag calculations are aiso given, 

tection from ice and the meth ^ w . Baker, S . Svenningson, 

Discusswn, pages 1666 ’ ^ n Carlos T A. Worcester, F. J. 

E. V. Pannell, H. B. Dwight, H. C. Don Carlos, 1. a. 

Wyman and W. P. Dobson. . . 

A general discussion on details of msta a 
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14. ELECTRIC SERVICE DISTURBANCES AND 

PROTECTION 

CORONA TESTS AT HIGH ALTITUDE # 

B. F. Jakobsen Vol. xxxvii—1918, pp. 91-108 

This paper describes some corona tests which were made in Peru on a 
70-mile transmission line located at an average altitude of 13,300 feet. 
The voltages range from 40,000 to about 72,000. The method employed 
in the tests is described and the calculations are given. The results are 
compared to “Peek’s law.” Close correspondence is found between these 
tests and those made by Faccioli on the Shoshone-Leadville line. 

It is shown that the results are in good agreement with the formulas 
deduced by Professor Ryan from extensive laboratory tests. 

Finally test data are given for a test made during rainy weather. 

Discussion , pages 109-122, by Messrs. F. W. Peek, Jr., H. T. Ryan and 
B. F. Jakobsen. 

A general discussion. 

RATING AND SELECTION OF OIL CIRCUIT BREAKERS 
E. M. Hewlett, J. N. Mahoney and G. A. Burnham Vol. xxxvii—1918, pp. 123-138 

On account of the variable conditions in systems on which circuit 
breakers are used, it is impossible to give a simple rule which will cover 
the selection of circuit breakers for all cases. The authors discuss the 
interpretations of the A. I. E. E. Standardization Rules covering the 
rating of oil circuit breakers and consider the variable factors which are 
involved in the selection of circuit breakers for various systems. A 
method is suggested whereby short-circuit characteristics "of various 
systems can be used for determining the proper selection of oil circuit 
breakers for average systems. The method does not apply to very large 
systems or unusual conditions. 

Discussion, pages 139-165, by Messrs. E. M. Hewlett, J. N. Mahoney, 
H. R. Summerhayes, W. W. Willard, B. Jones, P. C. Hanker, P. Torchio, 
P. M. Lincoln, R. E. Doherty, F. L. Hunt, H. H. Dewey, H. D. James, 
N. L. Pollard, E. G. Merrick, P. H. Adams, I. M. Cushing, C. Lichten- 
berg, A, Collins, C. C. Garrard and G. A. Burnham. 

A general discussion largely from the viewpoint of the importance of 
arriving at a standard method of rating circuit breakers as to capacitv. 

SPLIT-CONDUCTOR CABLE—BALANCED PROTECTION 
W. H. Cole Vol. xxxvii—1918, pp. 757-784 

Primarily, this paper is intended to be a brief history of the principal 
experiences of the Edison Electric Illuminating Company of Boston in 
the design and application of selective balanced-protection schemes to 
parallel connected transmission conductors. 

Split-conductor cables are discussed at considerable length, both as to 
design and operation. Paired ordinary conductors also are discussed, 
and their relation to so-called split-conductors pointed out. 

Special apparatus and devices required in connection with current- 
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balancing schemes are illustrated and discussed. 

A partial nomenclature is proposed, to assist in clearing the way for 
intelligent discussion and a uniform understanding -of the general subject 
of current-balance protection for paired conductors. 

A schedule of installations in the Boston system is given. 

No general conclusions are drawn since the paper is of the nature of a 
report on progress; specific conclusions are drawn, however, in a number 
of cases w T here the evidence or experience appears to be reasonably 
conclusive. 

A mathematical discussion of a number of reactive end-impedance 
devices, by Professor C. A. Adams, is appended. 

Discussion , pages 785-790, by Messrs. J. B. Taylor, W. H. Cole, W. A. 
Del Mar, P. M. Lincoln, E. B. Meyer, R. W. Atkinson, J. R. Craighead 
and O. C. Traver. 

A discussion on various factors involved in cable installations. 


APPLICATION OF THEORY AND PRACTISE TO THE RESIGN OF TRANS¬ 
MISSION LINE INSULATORS 

G. I. Gilchrest Vol. xxxvii—1918, pp. 805-824 


The paper first gives a summation of the items that are apparently the 
main causes of pin-type insulator failures in service. Each item is' 
briefly discussed and the opinions of operating men are cited. 

A brief description is given of the method used to determine the form 
of the dielectric field about porcelain insulators under normal line voltage. 
Diagrams of the dielectric field and photographs of flash over tests of 
theoretical designs are shown. Necessary modifications of the theoretical 
designs, in order to meet operating and manufacturing conditions, aie 
discussed. 

In the latter part of the paper, diagrams and illustrations are shown of 
a proposed type of commercial insulator design which has been evolved 
by linking together the theoretical and practical phases of the problem. 
A comparison is then made between the older types of design and the 

proposed type. 

A summary is made of the advantages it is believed that the new type 
of design has over the present commercial insulator designs. 

Discussion , pages 825-832, by Messrs. C. Fortescue, C. F. Scott, 
V. Karapetoff, L. W. Chubb, S. Barfoed and G. I. Gilchrest. 

A general discussion on insulator design with special emphasis on 
porosity, refraction of lines of force, etc. 


LIGHTNING ARRESTER SPARK GAPS 


Their Relation to the Problem of 
Chester T. Allcutt 


Protecting Against Impulse Voltages 

Vol. xxxvii—1918, pp. 833-854 


This paper describes a new form of high-voltage lightning arrester gap 

which has been called the “impulse protective gap". 

The paper opens with a brief resumd of some of the results of previous 
investigations of the subject of impulse voltages. A discussion of the 
points involved in securing adequate protection against transient voltages 

of steep wave front follows. 
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Methods employed in testing these gaps are described and the results 
of a large number of experiments are tabulated. Tests on the action of 
a high-frequency impulse combined with a 60-cycle wave are included in 
the experimental work. From the experimental data a number of curves 
are plotted showing the discharge characteristics of the impulse protective 
gap under many different conditions. 

Discussion , pages 855-869, by Messrs. P. M. Lincoln, F. W. Peek, Jr., 
P. H. Thomas, L. W. Chubb and C. T. Allcutt. 

A general discussion of the apparatus designed by Allcutt and also the 
theory of over-voltages that cause insulation failures. 

THE OXIDE FILM LIGHTNING ARRESTER 
Charles P. Steinmetz Vol. xxxvii—1918, pp. 871-880 

A short history of lightning protection of electric systems is given, as 
relating to the three successive types of electric circuits; the communica¬ 
tion circuits, the power circuits of negligible electrostatic capacity, and 
the high power circuits containing distributed capacity and inductance 
and capable of electric oscillation, leading to the three problems of dis¬ 
charging over-voltage to ground, opening the power current which follows 
the discharge and discharging so that no power current follows even for a 
fraction of a half wave. It is shown that these problems are solved by 
the spark gap to ground, by the use of non-arcing metals in the multigap 
arrester, 'which opens the circuit at the end of a half wave of current, and 
by the so-called “counter e. m. f.” type of arrester, represented by the 
aluminum cell and the oxide film arrester. 

In the oxide film arrester a type of arrester is presented which has the 
same characteristics and therefore the same advantages as the aluminum 
cell arrester, but does not require daily attendance and contains no liquids. 

Its method of operation is explained, and its difference from the alumi¬ 
num cell arrester. 

A short description of the construction of the oxide film arrester is 
given, a record of its operation in industrial service for over three years, 
and oscillograms showing the performance of this arrester under recur¬ 
rents, oscillations and under high-power impulses. 

Discussion incorporated with that of paper bv Crosby Field on “The 
Oxide Film Lightning Arrester/’ 

THE OXIDE FILM LIGHTNING ARRESTER 
Crosby Field Vol. xxxvii—1918, pp. 881-890 

The oxide film arrester is a new type of lightning arrester made up of a 
film of insulation in contact with a conducting powder. Upon the 
application of over-voltage, the insulation will be pierced, but the powder 
will very rapidly turn into insulation and plug any holes punctured in 
the original insulation by the over-voltage, thus forming in substance a 
resealing insulation. A brief description of this arrester is given together 
with the principles underlying its action and a comparison with other 
types of lightning arresters. Mention is also made of other characteristics 
of this combination which are not used in the present arrester, but which 
are being applied in other developments. A few notes of tests on the 



SYNOPTICAL INDEX 


29 


commercial arrester complete this paper. With' the exception of the 
basic patents issued to the author this is the first time any disclosure has 
been made of this arrester. 

Discussion (including that of paper by C. P. Steinmetz), pages 891-8»b, 
by Messrs. C. P. Steinmetz, N. A. Lougee, L. W. Chubb and C. T. Allcutt. 

A general discussion. 

PROTECTION FROM FLASHING FOR DIRECT-CURRENT APPARATUS 
J. J. Linebaugh and J. L. Burnham VoL ** xvu — 1918 > pp ‘ l 341 " 135 * 

The equipment developed for the protection of direct-current apparatus 
as described in this paper is applicable to all direct-current apparatus and 
all methods of operation. Special means of protection for use only with 
particular apparatus or conditions of operation have not been mentione . 
The principal steps in the experimental development of high-speed circui 

breakers and flash barriers are briefly given. 

Complete protection for any direct-current apparatus and service 
requires both the high-speedj breaker and flash barriers. Attention is 
directed to the importance of arranging the connections to the brush 
rigging so that the magnetic action on the arc will be a minimum, an 
properly directed, so the flash will do the least damage. _ 

Discussion , pages 1353-1365, by Messrs. C. L. Fortescue, F. C. Han er, 
H. B. Dwight, F. Wunsch, F. D. Newbury, W. F. Dawson, J. F. Intie, 

H. E. Trent and J. L. Burnham. .... 

Description of various types of high-speed breakers and installations. 

15. DISTRIBUTION SYSTEMS 

DESIGN OF UNDERGROUND DISTRIBUTION FOR ELECTRIC LIGHT AND 

POWER SYSTEMS 

^ Vol. xxxvii—1918, pp. 399-449 

G. J. Newton 

In a previous paper presented at the 10th Annual Convention of the 
Association of Iron and Steel Electrical Engineers the author treated the 
subject only in a general manner; the object of this article is to . , 

assuming average conditions, each step necessary m the^design 
underground distribution system, such as is usually required in a med 

S1Z Where costs are given they are based on normal conditions and should 
not be taken as being the present costs, they are used simp y or comp 

S ° Owing to lack of space no tables have been printed in this article as 

they can be found in electrical handbooks. JT ^ . 

Discussion , pages 450-461, by Messrs. A. A. Meyer, C. W. Rakestraw, 
H. L. Wallau, E. Friedlaender, E. B. Meyer, W. Sykes, F. M. Hibben and 

^ A '’general* discussion involving description of variations from practise 
as described by the author and arguments on the question of varnished 
cambric vs, paper insulated cables. 
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SPLIT-CONDUCTOR CABLE—BALANCED PROTECTION 
W. H. Cole Voi. xxxvii __ 1918> pp 757.734 

Primarily, this paper is intended to be a brief history of the principal 
experiences of the Edison Electric Illuminating Company of Boston in 
the design and application of selective balanced-protection schemes to 
parallel connected transmission conductors. 

Split-conductor cables are discussed at considerable length, both as to 
design and operation. Paired ordinary conductors also are discussed, 
and their relation to so-called split-conductors pointed out. 

Special apparatus and devices required in connection with current¬ 
balancing schemes are illustrated and discussed. 

A partial nomenclature is proposed, to assist in clearing the way for 
intelligent discussion and a uniform understanding of the general subject 
of current-balance protection for paired conductors. 

A schedule of installations in the Boston system is given. 

No general conclusions are drawn since the paper is of the nature of a 
report on progress, specific conclusions are drawn, however, in a number 

of cases where the evidence or experience appears to be reasonably 
conclusive. , ' 

A mathematical discussion of a number of reactive end-impedance 
devices, by Professor C. A. Adams, is appended. 

> Discussion, pages 785-790, by Messrs. J. B. Taylor, W. H. Cole, W. A. 

Del Mar, P. M. Lincoln, E. B. Meyer, R. W. Atkinson, J. R. Craighead 
and O. C. Traver. 

A discussion on various factors involved in cable installations. 


AERIAL CABLE CONSTRUCTION FOR ELECTRIC POWER TRANSMISSION 
E. B, Meyer VoL xxxv h__ 1918) ppt 791.300 

This paper deals with the problem of supplying high-tension electric 
service where conditions do not permit of the use of open wire or under¬ 
ground circuits. 

The methods of overcoming difficulties incidental to providing for 
high-tension service are discussed in detail, together with a description 
of the types of cable used and methods of installation. 

The experience of a large central station company operating several 
hundred miles of overhead and underground cable is given and the paper 
brings out the fact that the type of construction described may be used 
advantageously for both 13,200- and 26,400-volt service. 

Discussion, pages 801-803, by Messrs. W. P. Dawson, E. B. Meyer, 

H. L. Wallau, W. A. Del Mar, J. B. Taylor, P. Torchio, J. A. Johnson and 
id. R. Summerhayes. • 

A general discussion. 


METHOD OF SYMMETRICAL CO-ORDINATES APPLIED TO THE SOLUTION 

OF POLYPHASE NETWORKS 


C. L. Fortescue 


VoL acacxvii—1918, pp. 1027-1115 


In the introduction a general discussion of unsymmetrical systems of 
co-planar vectors leads to the conclusion that they may be represented by 
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symmetrical systems of the same number of vectors, the number o 
symmetrical systems required to define the given system being equal to 
its degrees of freedom. A few trigonometrical theorems which are to be 
used in the paper are called to mind. The paper is subdivided into three 
parts, an abstract of which follows. It is recommended that only that 
part of Part I up to formula (33) and the portion dealing with star-delta 
transformations be read before proceeding with Part II. 

Part I deals with the resolution of unsymmetrical groups of numbers 
into symmetrical groups. These numbers may represent rotating vectors 
of systems of operators. A new operator termed the sequence operator 
is introduced which simplifies the manipulation. Formulas are derived 
for three-phase circuits. Star-delta transformations for symmetrical 
coordinates are given and expressions for power deduced. A short dis¬ 
cussion of harmonics in three-phase systems is given. 

Part II deals with the practical application of this method to y • 
metrical rotating machines operating on unsymmetrical circuits. _ General 
formulas are derived and such special cases, as the single-phase mduc ion 
“ synchronous motor-generator, phase converters of various types, 


^tTiXion, pages 1116,1140, by Messrs. J. Slepian C- P. Steinmetz, 
V. Karapetoff, A. M. Dudley, C. F. Scott, C. O. Mailloux and C. L. 

1 ^general discussion emphasizing certain mathematical methods ol 
simplifying the author’s methods. 


16. CONTROL, REGULATION AND SWITCHING 


SOME CONSIDERATIONS IN DETERMINING THE CAPACITY OF ROLLING- 

.„ MILL MOTORS Vol . ,p. «3-*84 

Robert F. Hamilton 

A consideration in detail of electric drive for rolling mills, including 
classification of mills and motors, mathematical determinations gy 

required for rolling, relation of speed to tonnage, motor capacity and 

485.489, * Messrs. A. M. D-*. C. A. Menk, 

N W. Storer and W. Sykes. . 

A discussion on relative importance of the requirements specified in 

rolling mill motor selection. 

„ , mT attyttta-RY MOTORS AND CONTROL AS AFFECTED 

SELECTION OF STEEL MILL *AUXILIARY MO iUKO ax DRIVE 

BY MECHANICAL UK£,d ^ x 491-496 

J. D. Wright ’ ' , . , . , ( 

The author describes manipulators for blooming mills, which consist o 

side guards and lifting fingers, the former being used to guide the 
into the proper groove in the rolls while the latter are used for turning the 
bloom over. The functions, mechanical layout and operation o e 
manipulators are described, from which conclusions are dra y n as t ° 
size and type of motors as well as the type of control best suited for dri g 

^DiscussiXt^ 497-501, by Messrs. E. Friedlaender, C. A. Menk, 
T. E. Tynes.H I. Richardson, B. G. Beck, G. E. Stoltz and J. D. Wright. 
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A description of variations from authors practise in equipment and 
control. 


THE AUTOMATIC HYDROELECTRIC PLANT 
J M. Drabelle and L. B. Bonnett Vol. XIXV ii—igjg, pp> 1307-1377 

The automatic hydroelectric generating station of the Iowa Railway 
an Light Company at Cedar Rapids, Iowa, is a radical step in advance 
m the elimination of operator’s wages in a station of appreciable size, 
without sacrificing complete control. 

Discussion, page 1378, by Messrs. H. R. Summerhayes, J. J. Linebaueh 
Mr. Bump, O. C. Traver, J. M. Drabelle and L. B. Bonnett. 

General discussion. 


17. TRACTION 


EL RIFICATION OF THE MONTREAL TUNNEL ZONE 
William G. Gordo Vol. xxxvii—1918, pp. 1637-1648 

The author describes the electrification of the tunnel through Mt. Royal 
at Montreal which was built to give the Canadian Northern Railway 
entrance into the heart of the city. The tunnel is 3.1 miles long and the 
method of construction is described in detail. 

The power is purchased and delivered to a substation near the west 
portal of the tunnel. The equipment of the substation is described. 

Details of the equipment and dimensions of both the locomotives and 
motor cars are given. 

The catenary system, which is described in detail, has a number of 
unusual features due to special local conditions and the extremely low 
temperatures which sometimes prevail in Montreal. 

Discussion, pages 1649-1652, by Messrs. W. G. Hewson, W. G Gordon 
W. A. Bucke, A. H. Hull, H. U. Hart, W. H. Mulligan, W. Mac Lachlan,’ 
W. M. Gifford and R. R. Stevenson. 

A general discussion on details of the installation. 

20. MISCELLANEOUS APPLICATIONS OF ELECTRICITY 

SOME CONSIDERATIONS IN DETERMINING THE CAPACITY OF ROLLING- 

MILL MOTORS 

Robert F. Hamilton Vol. xxxvii-1918, pp. 463-484 

A consideration in detail of electric drive for rolling mills, including 
classification of mills and motors, mathematical determinations of energy 

required for rolling, relation of speed to tonnage, motor capacity and 
flywheel application. J 

pages 485-489, by Messrs. A. M. Dudley, C. A Menk 
N. W. Storer and W. Sykes. ’ 

A discussion on relative importance of the requirements specified in 
rolling mill motor selection. 
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SELECTION OF STEEL MILL AUXILIARY MOTORS AND CONTROL AS AFFECTED 

BY MECHANICAL FEATURES OF THE DRIVE 

t t\ tit* * ii + Vol. xxxvii—1918, pp. 491-496 

J. D. Wright 

The author describes manipulators for blooming mills, which consist of 

si deguards and lifting fingers, the former being used to guide t e oom 

into the proper groove in the rolls while the latter are used for turning 
the bloom over. The functions, mechanical layout and operation of these 
manipulators are described, from which conclusions are drawn as to the 
size and type of motors as well as the type of control best suited for driving 

these auxiliaries. . „ . ~ A 

Discussion, pages 497-501, by Messrs. E. Fnedlaender U A, Menk. 

T. E. Tynes, H. S. Richardson, B. G. Beck, G. E. Stoltz and J. 1 ■ ri S * 

A description of variations from authors practise .in equipment an 

control. 


ELECTRIC POWER FOR NITROGEN FIXATION 


E. Kilburn Scott 


Vol. xxxvii—1918, pp. 967-974 


% 

Reference is made to propaganda against processes for making nitrates 
from air by those interested in keeping the Allies dependant on supp i s 

of nitrate from Chili. . , , . .. ■ j• 

A tabular comparison is made of the operations involved in _ 

method and the direct method of fixing nitrogen. . e mciiec 
involves the manufacture of carbide of calcium and its com in -a i 
nitrogen to form calcium cyanimid, from which ammonia and in turn 
nitric acid are obtained. The direct method merely consists m combining 

nitrogen and oxygen of the air in the electric arc. ' < 

A diagram is given showing the layout of a battery of by-product coke 
ovens with an electric power house worked by the surplus gas and 
nitrate-from-air plant to use the electricity. Figures aie ^ ens 
that the nitric acid made by such a plant is about the right amoum 
combine with the ammonia to form ammonium nitrate, a compound in 

great demand at the present time for explosives. . M 

Discussion, pages 975-983, by Messrs. C. P. Stemmetz, W. A. Del Mar, 

S. Barfoed, F. W. Sperr, Jr., and E. K. Scott. „ nnnPra . 

A general discussion largely in support of the authors plan for: coope 

tion between nitrogen fixation industry and by-product co e m y* 

PRE-CHARGED CONDENSERS IN SERIES AND IN PARALLEL 

„ Vol. xxxvii—1918, pp. 1016-1023 

V. Karapetoff 

A condenser is charged from a source of direct voltage, and then is used 
as a booster in series with this source to charge another condenser. y 
repeating this process a large number of times the second -n^ser 
finally subjected to twice the voltage of the source. This is the principle 
of the Delon apparatus for testing cables, and is explained in a numerica 
example Then the more general case of two or more pre-charged 
condensers in series is considered, when these condensers are connected 
to some source of direct voltage; it is shown how to determine the fina 
distribution of voltages among them. A similar prob em is so ve 
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pre-charged condensers in parallel. Finally a general network of pre- 
charged condensers is considered, and equations are derived similar to 
Kirchoff s laws, from which the final distribution of voltages and charges 

may be computed knowing the initial distribution. 

Discussion , pages 1024-1025, by Messrs. C. 0. Mailloux, L. W. Chubb 
W. V. Lyon and V. KarapetofL ’ 

A general discussion. 


H. A. Hornor 


ELECTRIC WELDING—A NEW INDUSTRY 

Vol. xxxvii—1918, pp. 1519-1529 


his paper covers a brief review of the uses of electric spot and arc 
welding m this country prior to the formation of the Electric Welding 
Committee of the Emergency Fleet Corporation. It compares the status 
ot the art at the present time and emphasizes the developments that have 

apparatus in the last six months. It treats of the activities 
°r. th f F elding Committee in applying electric welding processes to the 
s ip- ui mg industry and points the way to the general applicability of 
this method to other industries. It shows that the results obtained bv 
investigation and physical tests prove that the applications of this process 
to heavy work are satisfactory. 

No discussion. 


R. B. Williamson 


ELECTRIC MOTORS IN THE CEMENT INDUSTRY 


Vol. xxxvii—1918, pp. 1531-1567 


his paper has been compiled by the Committee on Industrial and 
omestic Power to give general information regarding the different 
classes of machinery used in the cement industry and the sizes and types 

desrv-t F e ® t , adapted for the work - The paper gives, first, a brief 
description of the process. This is followed by an outline of the various 

kinds of machinery used together with data as to power requirements. 

The types of motor best suited to each application together with starting 

characteristics, overload capacity, torque and other features are indicated 

Dtscusston, pages 1568-1605, by Messrs. A. M. Dudley, A. Simon,' 

™ m K j lb ’ F ® radley> W ‘ L - Mernll > H. D. James, F. J. Burd, E 
Friedlaender, W T Snyder, L. E. Underwood, S. Haar, J. N Mahoney,' 

. J. Dearborn, J. Dixon, A. L. Hadley, C. H. Sonntag, D. B. Rushmore, 

Jnd R RWmifmsI 61 U S ' H ' HarriSOn ’ H - R ° We ’ W - L SKchte; 

ofltrrk^ °?. particular points t0 be emphasized in selection 
ox motors for the cement industry. 

THE USE OF ELECTRIC POWER IN THE MINING OF ANTHRACITE COAL 
J * Cr&nc 

Vol. xxxvii— 1918, pp. 1671-1676 

of antbraoiF ^ VeS ^ t0 tbe power cost and current consumption 

M^Sm^ reaSOnS f ° r ^ b6ing “ 

h^SSSn SmiSrSteSS" ^ *** ^ ^ ^ 
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Illustrations are included showing representative installations of electric 

^Discussion incorporated with that of paper by F. L Stone on‘‘Drum 
Shapes as Affecting the Mine Hoist Duty Cycle and Motor Rating. 

DRUM SHAPES AS AFFECTING THE MINE HOIST DUTY CYCLE AND MOTOR 

RATING 

Vol. xxxvii—1918, pp. 1677-1695 

F. L. Stone 

The standardization of mine hoists, from an engineenng standpoint w 

considered impossible on account of the wide variation m the condit 

and methods under which anthracite coal is mine _ , c different 

The problem of drum shape consists in varying the chiameter of! 

part, of th. Winding drum so that the o.d m,y b. ^ 

retarded at the beginning and end of its travel wi 

sumption of power. . oi nane s under 

Numerical examples of_ the performance of various drum shapes u 

assumed conditions are given. , 1696-1708, 

Discussion (including that of papei y J- • > r - yy j. 

by Messrs. G. Bright, C. W. Parkhurst F. L. Stone, E. J. Ch D 

Slichter, P. Kain, J. B. Crane, L. H. Rittenhouse, C. A. Adams ana 

R Agenetl discussion with particular emphasis on figures for kw. hr. per 
ton mined of both anthracite and bituminous coal. 

21. TELEPHONY AND TELEGRAPHY 

inductive effects of alternating current railroads on com- 

MUNICATION CIRCUITS 

Vol. xxxvii—1918, pp* 503-532 

H. S. Warren 

A brief discussion of inductive interference in general i^fir^given, 
including reference to the work of the Jomt Com ^ ^ lectrified 
Interference in California. Inductive mteiteren h 

railroads is then taken up and various possible neatt_for 
interference considered. A description is given of four ’ d . Q each 

Idti.rw of tai.tond of.ofrifa.ion 0» ~2“wh”l, h£ 

case for preventing interference, with the degree oi 

been met with. r _ 

Latour which allows telegraphic 

line to be operated in spite of strong disturbing alternating e. m. s. 

the design of transpositions for parallel power and telephone 

CIRCUITS 

Vol. xxxvii—1918, pp. 897-936 

Harold S. Osborne 

This naner presents the results obtained in a recent design of transposi- 
. This paper present, c exposed to induction from circuits of 

tion systems for telephone circui P , . ., j xiponrdi- 

other kinds, particularly from three-phase power circuits, and the coordi 

iiEite arrangements of transpositions in the power circuits, 



36 


SYNOPTICAL INDEX 


In presenting the results obtained, a discussion is first given of the 
requirements which must be met by systems of transpositions for tele¬ 
phone circuits in general, and by the new “exposed line" system in particu¬ 
lar. An outline is given of the methods used in the design work and the 
theory upon which it is based. The diagrams in the paper show the 
arrangements of transpositions for all circuits on eight crossarms of 
telephone line. The results to be obtained from the use of these diagrams 
are outlined, and the suitable locations of coordinate transpositions in 
parallel power circuits are discussed. 

Discussion , pages 937-944, by Messrs. V. Karapetoff, C. Fortescue, 
A. G. Chapman, H. Mouradian and H. S. Osborne. 

A discussion on various methods of measuring “cross-talk.” 


22. MISCELLANEOUS TOPICS AND INSTITUTE AFFAIRS 


EFFECTS OF WAR CONDITIONS ON COST AND QUALITY OF ELECTRIC SERVICE 
Lynn S. Goodman and William B. Jackson Vol. xxxvii—1918, pp. 1-17 


This paper comprises a consideration of the effects of war conditions as 
they apply to the electric light and power service of the country. 

It is shown that the increased cost for fuel and other supplies, labor 
and faxes alone, occasioned by the war conditions, would amount to an 
increase of more than $116,000,000 over the operating expenses that 
should have been expected for the electric light and power companies of 
the country under normal conditions for 1917. 

The important advantages which are inherent in the central electric 
power stations for supplying power for war manufactures and the advis¬ 
ability for the government to make every reasonable endeavor to en¬ 
courage the development of the central electric stations is pointed out. 

I he way m which the problems involved are worked out will have a 

. ear * ng ll P on the c °st of electric light and power service not only dur¬ 
ing the war but for long after its termination. 


Discussion , pages 18-63, by Messrs. B. A. Behrend, Mr. Sykes I W 

J r °*’ F Ad T S ’ W - B - Jacks0n ’ F - A - Bf y an ’ R - G - Hudson,' M.' 
Freund B J. Arnold, P. Torchio, P. Betts, W. S. Gorsucb, H. M. Hobart 

P ’ P' J ackson ’ P ' H- Bartlett, W. N. Smith, J. J. Harold, P. R. Moses,’ 

‘ * ^ chu ^fiardt, F. A. Coffin, D. W. Roper, C. W. Pendell, C. A. Keller 

F. H. Bernhard, J. W. Mabbs, A. Honegger. 

lems gen€ral dlSCUSS10n on the various phases of^the central station prob- 


B. G. Lamme 


THE TECHNICAL STORY OF THE FREQUENCIES 


Vol. xxxvii—1918, pp. 65-85 


arJfiL Va me°ntio f neT enC i e k USed - in alternatin g-current work in America 
given. This is folio wed by I ^ ^ introduction 

It is shown that there was an apparent need for two standard fre 
quencies in the region of fin ok i \ „ standard tre- 

& and cycles, and, further, why 60 and 25 
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cycles have prevailed. The special fields of application of each one are 
discussed fully and it is shown why 25 cycles tended to dominate the field. 

Discussion , pages 86-89, by Messrs. H. B. Biooks, B. G. Lamme, 
G. S. Me Cumber, R. Dalgleish and Mr. Hunt. • ; 

A general discussion. 

SOME APPLICATIONS OF ELECTROMAGNETIC THEORY TO MATTER 
A. C. Crehore Vo1 * **^ii-1918, pp. 261-293 

A Lecture. 

No discussion 

THE SECOMOR 

A Kinematic Device Which Imitates the Performance of a Series-Wound Polyphase 

Commutator Motor 


V. Karapetoff 


Vol. xrxvii—1918, pp. 329-354 


The device consists of four bars of adjustable useful length and with 
adjustable angles. These bars can be set in a combination to represent 
the vector diagram of voltages in a motor with any desired constants. 
By moving the bars to vary the load, complete performance characteris¬ 
tics of the motor can be obtained, including the speed, the torque, the 
power factor, etc. An additional device called the impedometer permits 
to take into account the impedance drop in the machine.. An adjustable 
saturation curve made of soft wire is used in connection with the secomor, 
to enable one to investigate the effect of saturation. A brief graphical 
theorv of the motor precedes the description of the secomor to make its 

action understandable. , 

Discussion incorporated with that of paper by Marius C. A. Latour on 

“Commutation in .Alternating-Current Machinery. 

COMMUTATION IN ALTERNATING-CURRENT MACHINERY 
Marius C. A. Latour VoL *zsvii-1918, P* 355 - 381 

The author introduces into the discussion -of the commutating charac¬ 
teristics of alternating-current commutating motors, his theory that 
perfect commutation in a continuous-current motor depends substantially 
on the production of a mean resultant neutral field m the region where 
commutation is taking place, and shows that the production of a perfect 
revolving field in a polyphase commutator motor assists in insuring 

perfect commutation at exact synchronism. < 

In a-single-phase commutator motor a “polyphase’ revolving field can 
be produced at synchronism by utilizing supplementary brushes, short- 
circuited upon themselves, displaced by 90 electrical space degrees from 
the main single-phase brushes on the commutator. 

As in the ease of polyphase motors, the problem of securing perfect 
commutation at synchronism becomes that of producing a perfect rotating 
field. It is shown by the author that the use of fractional-pitch windings 
on the rotor and a sinusoidal distribution of conductors on the stator is of 

much assistance in this connection. 

Discussion (including that of papers by W. C. K. Altes and V. Kara- 
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petoff), pages 379-389, by Messrs. A. M. Gray, P. M. Lincoln, C. F« 
Scott, W. C. K. Altes, H. M. Hobart, B. A. Behrend, W. B. Jackson and 
V. Karapetoff. 

A general discussion. 

ADDRESS BY PRESIDENT E. W. RICE, JR. AT A. I. E. E. MIDWINTER 

CONVENTION FEBRUARY, 1918 

Vol. xxxvii—1918, pp. 891-391 

A REVIEW OF ELECTRICAL ENGINEERING PROGRESS 
E. W. Rice, Jr. Vol. xxxvii—1918, pp. 703-714 

President's Address. 

ENGINEERS AND THE WAR 

Major General William M. Black Vol. xxxvii—1918, pp. 945-966 

An Address. 

No discussion. 


ELECTRIC POWER FOR NITROGEN FIXATION 
E. Kilburn Scott Vol. xxxvii—1918, pp. 967-974 


* 

Reference is made to propaganda against processes for making nitrates 
from air by those interested in keeping the Allies dependant on supplies 
of nitrate from Chili. 


A tabular comparison is made of the operations involved in the indirect 
method and the direct method of fixing nitrogen. The indirect method 
involves the manufacture of carbide of calcium and its combination with 
nitrogen to form calcium cyanimid, from which ammonia and in turn 
nitric acid are obtained. The direct method, merely consists in combining 
nitrogen and oxygen of the air in the electric arc. 

A diagram is given showing the layout of a battery of by-product coke 
ovens with an electric power house worked by the surplus gas and a 
nitrate-from-air plant to use the electricity. Figures are given showing 
that the nitric acid made by such a plant is about the right amount to 
combine with the ammonia to form ammonium nitrate, a compound in 
great demand at the present time for explosives. 

7 Discussion, pages 975-983, by Messrs. C. P. Steinmetz, W. A. Del Mar, 
S. Barfded, F. W. Sperr, Jr., and E. K. Scott. 

i A general discussion largely in support of the authors plan for coopera¬ 
tion between nitrogen fixation industry and by-product coke industry, 


Charles P. Steinmetz 


AMERICA’S ENERGY SUPPLY 

Vol. xxxvii—1918, pp. 985-1009 


The gist of the paper is to demonstrate that the economical utilization 
ol the country’s energy supply requires generating electric power where- 

ever hydraulic or fuel energy is available, and collecting the power electri- 
catty , just as we distribute it electrically. 
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In the first section a short review of the country's energy supply in 
fuel and water power is given. 

In the second section it is shown that the modern synchronous station 
is necessary for large hydraulic powers, but the solution of the problem of 
the economic development of the far more numerous smaller waterpowers 
is the adoption of the induction generator. 

The third section considers the characteristics of the induction generator 
and the induction-generator station, and its method of operation, and 
discusses the condition of “dropping out of step of the induction generator 
and its avoidance. 

In the appendix the corresponding problem is pointed out with reference 
to fuel power, showing that many millions of kilowatts of potential 
power are wasted by burning fuel and thereby degrading its energy that 
could be recovered by interposing simple steam turbine induction genera¬ 
tors between the boiler and the steam heating systems, and collecting 
their power electrically. 

Discussion , pages 1010-1014, by Messrs. A. M. Schoen, B. A. Behren , 
S. Barfoed, R. Bennett and C. P. Steinmetz, 

A general discussion. 


METHOD OF SYMMETRICAL CO-ORDINATES APPLIED TO THE SOLUTION 

OF POLYPHASE NETWORKS 


C. L. Fortescue 


Vol. xxxvii—1918, pp. 1027-1115 


In the introduction a general discussion of unsymmetrical systems of 
co-planar vectors leads to the conclusion that they may be represented by 
symmetrical systems of the same number of vectors, the. number of 
symmetrical systems required to define the given system being equal to 
its degrees of freedom. A few trigonometrical theorems which are to be 
used in the paper are called to mind. The paper is subdivided into three 
parts, an abstract of which follows. It is recommended that only that 
part of Part I up to formula (33) and the portion dealing with star-delta 
transformations be read before proceeding with Part II. 

Part I deals with the resolution of unsymmetrical groups of numbers 
into symmetrical groups. These numbers may represent rotating vectors 
of systems of operators. A new operator termed the sequence operatoi 
is introduced which simplifies the manipulation. Formulas are derived 
for three-phase circuits. Star-delta transformations for symmetrica 
coordinates are given and expressions for power deduced. A short dis¬ 
cussion of harmonics in three-phase systems is given. . 

Part II deals with the practical application of this method to sym- 
metrical rotating machines operating on unsymmetrical circuits. General 
formulas are derived and such special cases, as the single-phase induction 
motor, synchronous motor-generator, phase converters of various types, 

are discussed. . _ _ 

Discussion, pages 1116-1140, by Messrs. J. Slepian, C. P. Steinmetz, 

V. Karapetoff, A. M. Dudley, C. F. Scott, C. O. Mailloux and C. L. 

O I* t os ou» 0 

A general discussion emphasizing certain mathematical methods of 

simplifying the author’s methods. 
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SUSTAINED SHORT-CIRCUIT PHENOMENA AND FLUX DISTRIBUTION OF 

SALIENT-POLE ALTERNATORS 

N. S. Diamant Vol. xxxvii—1918, pp. 1141-1202 

It shown in Section IV that with the ordinary field forms met with in 
practise, the resultant flux wave under s. s. c. (sustained short-circuits) 
will be extremely distorted, see Figs. 16, (4th wave) 23, 27, 27a, etc., for 
the simple reason that with the very low voltages obtained under such 
conditions, the fundamental of the B -curve of the field is reduced so much 
by the armature reaction that the higher harmonics assume a very 
predominant role and become several hundred per cent of the s. s. c. 
fundamental. See Fig. 26 and Tables XI, XII, and XIII. 

. As a corollary to the foregoing it is found that the F-curve under load 
will not differ radically from the no-load field form since the fundamental 
will remain large enough to hold its own. See Fig. 22 and also footnote 
(4). The cross magnetizing effect of the armature reaction is, of course, 
to make the F-curve unsymmetrical with respect to the mid-pole axis. 
Compare Figs. 7 and 22. . 

The magnetic oscillations are studied not only by means of full-pitch 
stator coils but also by means of rotor coils No. 7 and 8, Fig. 3, and stator 
coils No.. 9, 10, 11, 12, 15, and 16, Figs. 3 and 3a. 

Discussion , pages 1203-1208, by Messrs. F. D. Newbury, R. E. Doherty, 
W. F. Dawson, C. M. Davis and N. S. Diamant. 

A discussion involving criticisms of author s solution of short-circuit 
phenomena. 

REACTANCE OF SYNCHRONOUS MACHINES AND ITS APPLICATIONS 
R. E. Doherty and O. E. Shirley Vol. xxxvii—1918, pp. 1209-1297 

Part I treats of the calculation and application of the armature self- 
mductive reactance of synchronous machines. A short, reliable method 
is given in the form of curves, making the calculation from design sheet 
data a matter of a few minutes. ' 

An' approximate, but convenient, method of applying the armature 
reactance in the calculation of field excitation under load is given in 
Appendix C. 

In Part II it is shown that the initial short-circuit current of synchronous 
machines is determined not only by the armature self-inductive reactance, 
as is often assumed, but also by the field self-inductive reactance. Neg¬ 
lecting the field reactance in calculation may give a calculated short- 
circuit current 50 per cent or more, too high. A formula is derived for 
calculating the field reactance which, added to the armature reactance, 
gives the total which determines the initial short-circuit current and which 
it is proposed should be called, as previously recommended by other 
authors, transient reactance. 

An attempt is made to describe the apparently complicated physical 
phenomena of sudden short circuits in terms as free as possible from 
mathematics. One interesting and important point which the authors 
establish from the physical interpretation of the problem is that there is 
a very significant rise in flux at the bottom of the pole at short.circuit. . 
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Discussion , pages 1298-1340, by Messrs. C. J. Fechheimei, V. Kara 
petoff, F. D. Newbury, W. F. Dawson, C. E. Fortescue, H. R. Summer- 

hayes, N. S. Diamant and R. E. Doherty. 

A discussion involving a listing of various methods of determining 

reactance and their feasibility. 

CRITICAL REVIEW OF THE BIBLIOGRAPHY ON UNBALANCED MAGNETIC 

PULL IN DYNAMO-ELECTRIC MACHINES 

Alexander Gray and J. G. Pertsch, Jr. Vol. xxxvii—1918, pp. 1417-1424 

The purpose of this paper is to serve as an introduction to the succeeding 
comprehensive article by Mr. E. Rosenberg, on the subject of Magnetic 
Pull in Electric Machines. The Maxwell equation, upon which all of the 
formulas for unbalanced magnetic pull are based, is first established. . A 
critical review is then given of the articles pertaining to this subject, which 
have appeared in the technical press to date. It is pointed out wheiein 
the various expressions which have been proposed differ from one another 
and to what extent they are consistent. 

No discussion. 


E. Rosenberg 


MAGNETIC PULL IN ELECTRIC MACHINES 

Vol. xxxvii—1918, pp. 1425-1469 


See abstract of preceding paper. 
No discussion. 


ECONOMIC 
Frank G. Baum 


PROPORTION OF HYDROELECTRIC AND STEAM POWER 

Vol. xxxvii—1918, pp. 1471-1475 


This paper describes a new method of determining for any power system, 
what proportion of generation should be hydroelectric, and what steam, 

from the standpoint of economics. ■ 

A method is outlined for obtaining a curve showing “Total cost per 
kilowatt-year for hydroelectric and steam power”, for any percentage 
combination of generation. 

With system load curve, fixed charges on steam and hydroelectric 
plants, cost of fuel and other steam energy charges all'known quantities, 
this curve can readily be calculated, and one can see at a glance the limiting 
economical percentage of steam power for the given conditions. 

No discussion. 


ELECTRIC MOTORS IN THE CEMENT INDUSTRY 


R. B. Williamson 


Vol. xxxvii—1918, pp. 1531-1567 


This paper has been compiled by the Committee on Industrial and 
Domestic Power to give general information regarding the different 
classes of machinery used in the cement industry and the sizes and types 
of motor best adapted for the work. The paper gives, first, a rie 
description of the process. This is followed by an outline of the various 
kinds of machinery used together with data as to power requirements. 
The types of motor best suited to each application together with starting 
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characteristics, overload capacity, torque and other features are indicated. 

Discussion , pages 1568-1605, by Messrs. A. M. Dudley, A. Simon, 
W. C. Kalb, L. Bradley, W. L. Merrill, H. D. James, F. J. Burd, E. 
Friedlaender, W. T. Snyder, L. E. Underwood, S. Haar, J. N. Mahoney, 
R. J. Dearborn, J. Dixon, A. L. Hadley, C. H. Sonntag, D. B. Rushmore, 
T, E. Simpers, H. Weichsel, S. H. Harrison, G. H. Rowe, W. I. Slichter 
and R. B. Williamson. 

A discussion mainly on particular points to be emphasized in selection 
of motors for the cement industry. 

DRUM SHAPES AS AFFECTING THE MINE HOIST DUTY CYCLE AND MOTOR 

RATING 

F. L. Stone . Vol. xxxvii—1918, pp. 1677-1695 

The standardization of mine hoists, from an engineering standpoint is 
considered impossible on account of the wide variation in the conditions 
and methods under which anthracite coal is mined. 

The problem of drum shape consists in varying the diameter of different 
parts of the winding drum so that the load may be accelerated and 
retarded at the beginning and end of its travel with the minimum con¬ 
sumption of power. 

Numerical examples of the performance of various drum shapes under 
assumed conditions are given. 

Discussion (including that of paper by J. B. Crane), pages 1696-1708, 
by Messrs. G. Bright, C. W. Parkhurst, F. L. Stone, E. J. Cheney, W. I. 
Slichter, P. Kain, J. B. Crane, L. H. Rittenhouse, C. A. Adams and L. S. 
Randolph. 

A general discussion with particular emphasis on figures for kw. hr. per 
ton mined of both anthracite and bituminous coal. 


AMERICAN ENGINEERING RESEARCH 

W. R. Whitney Vol. xxxvii—1918, pp. 1709-1721 

Discussion incorporated with that of paper by R. A. Millikan on 
‘'Research in America after the War/’ 


R. A. Millikan 


RESEARCH IN AMERICA AFTER THE WAR 

Vol. xxxvii—1918, pp. 1723-1734 


Discussion (including that of paper by W. R. Whitney), pages 1735- 
1/46, by Messrs. C. E. Skinner, E. E. F. Creighton, P. G. Agnew, C. H. 
Sharp, E. P. Hyde,L. T. Robinson, R. A. Millikan, M. W. Franklin, C. A. 
Adams, J. B. Taylor and G. F. Gray. 

A discussion including various suggestions on the solution of the 
research problem. , 
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shielding conductor 519 

shocks. 516 

transformers neu¬ 


tralizing . 

unbalance of.. 

disturbances, affecting characteristics 

factors involved.. 

parallels, transpositions within. * ! "’ ’ ’ ’ 
prevention, means of. 

methods, Broad Street-Paoli on 

Penna. R. R. 

New Canaan Branch 

Line.. 

Norfolk and Western 
^ rail way circuits. . . 
Woodlawn-Stamford 

line. 

telegraph circuit, impedance distribution.! 


517 

507 
504 

508 
507 
517 

527 

525 

526 

521 

522 
538 


m series. 535 

parallel resonance circuit 533 
' 1 , remedial system......... 533 

T < . * 1 , „ . telephone systems. c-n 

Industrial and domestic power, committee report. .. 7 qi 

Instruments and measurements, committee report. * 741 

insulators, high-tension, committee report. . 70 a 

line, design...' ‘ ’ if? 

comparison with old designs.. 813 

dielectric field distribution. 807 810 814 . 

internal stresses.. • ’ ’ ’ fi A Q 

lightning..... 809 

mechanical breakage . , .. SOS 
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Insulators, line, design ( continued) 


proposed commercial. 813 

side pull resistance. 822 

surface leakage .. 819 

distribution. 808 

resistance per shed. 819 

three-piece type. 814 

two-piece type. 815 

failure, causes. 807 

tests, 60-cycle flashover. 816 

Kilns, cement industry, output formula.. 1603 

rotary, cement industry, electric motors for.. 1566 

Leakage, end connection, synchronous machines.. '..... 1224 

tooth-tip, synchronous machines.. 1216 

Lighting and illumination, committee report.. 722 

systems, underground, design of (See Distribution, under¬ 
ground, etc.) 

Lightning arrester, spark gaps. 833 

Machinery, alternating-current, commutation. 353 

Magnetic pull, unbalanced, dynamo-electric machines, bibliography 1417 

Marine, committee report. 753 

Matter, electromagnetic theory of, applications (See Electromag¬ 
netic theory, matter, etc.) 

Measurements and instruments, committee report .. 741 

Meter, block interval, area of indefiniteness... 195 

thermal storage, actual vs. theoretical performance. 207 

comparison with “block interval” typd . . 193 

demand. 189 

construction diagram. 190 

operation of. 191 

proper time period.209, 212 

used as motor protection. 215 

logarithmic average. 192 

Mines, application of electricity to, committee report. 740 

Mining, coal, anthracite, electric power for. 1671 

Montreal tunnel, electrification. 1637 

Motor generators vs. converters. 81 

rating, mine hoists, effect of drum shape... 1677 

Motors, auxiliary, steel mill drive... 491 

operating manipulators. 492 

capacity, rolling-mill drive. 463 

electric, cement industry.. . ..... 1531 

affecting conditions.... 1535 

bearings.... 1536 

belt vs. chain drive. 1592 

brushes. 1571 

controllers for ... 1580 

crushers... ... .. 1540 

drive.. 1536 

dry mill, flow sheet. 1533 

dust proof bearings.. 1587 

elevators and conveyers.. 1537 

finishing grinding. .. 1562 

frequency... 1536 

intermediate crushers.- ....... 1550 

jaw crushers. 1543 

kiln output..................... 1603 

load factor ,.. 1537 

overload protection...... 1588 

preliminary grinding.. 1553 

rating........ 1536 

rotary dryers.. 1553 
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Motors, electric, cement industry ( continued) 

rotary kilns. 1566 

service. 15 g 6 

starting conditions. 1536 

ty P®-.... 1536 

voltage. 1537 

induction, 25 vs. 60 cycles! fl .° W Sheet ''/ /' . 15 | 2 

magnetizing currents, primary... 619 

< , secondary. 620 

P° yp ase, speed-torque, speed-current., cur¬ 
rent-torque curves.. 640 

power factor, improvement of. .. ..’.’.. .... 359 

single-phase, counter e. m. f. generation. . .’...’. 633 

load conditions. 636 

magnetomotive forces and mag¬ 
netic fluxes. 629 

cn • , physical conception of operation. 627 

squirrel-cage rotors... kqq 

1 use ph a se advancers. * 70 

po yp ase, commutator, City of Paris installation. 366 

maximum speed range.. 365 

• j > • performance shown by secomor . 329 

nduction, commutator on primary.. 306 

brush shift- 

, ing mech¬ 
anism. . . 319 

proper 
number 
of slots.. 324 

speed- 
torque 
curves .. 318 

starting ... 320 

vector dia- . 

°Tam *307 

commutator on secondary .... .*‘302 

diagram 
of con¬ 
nections 305 

neutralized, commutator conduction oqa 

shunt. . 

> rollmg-mill, classification. 374 ’ |f| 

determination of motor capacity. 474 

limiting fea- 

. tures. 489 

time of pa$s, 

effect of .. 485 

energy required for rolling.. 46^ 4 fig 

fly-wheel application..’ * ‘ 

, _ size of wheel... ucn 

h. p.-time curve. JZ* 

relation of mill speed to tonnage 476 

. ‘ ' selection of mill. V. VJ: 

single-phase, commutator.’ * *. 067 

no-load conditions. . koq 

series, elliptical field.... . . .. 077 

use on traction systems. .. 376 00 \ 

synchronous, cement industry. ... .* ‘ jjgj 

three-phase, commutator, application of.’.*/. 331 

- ■ armature supplied line voltage 332 
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Motors, three-phase, commutator, {continued) 

armature supplied through 

transformer. qqo 

brush shift. 334 

characteristics.* * * 33 1 

diagram of e. m. f’s. 337 

effect of series transformer .... 345 

fundamental armature proper¬ 
ties. 333 

input, output and efficiency. . . 341 

leakage inductance. - 339 

m. m. f’s. ;;;;; 334 

ohmic drop, iron loss, friction . 339 

power factor.. 34 ^ 

saturation curve. 339 

s P eed . 340 

torque.... 335 

xt 1 , . , squirrel-cage, commutator. ... qco 

”' i “ :: >sg 

Nitrogen fixation, ammonium nitrate, consumption in GreatlBritain 973 

arc process, temperature equilibrium.. 977 

coke oven and nitrate plants ... 9 @g 

y 8, * n direct process making nitric acid, 

tabular comparison. 901 

electric power for.‘ * * ‘ ‘ ’957 905 

location of....; . * 900 

methods of making nitric acid. .’ * * ’ 900 

nitric acid by indirect method, cost of materials 964 

cost of plant ... 963 

production, efficiency of. 978 

Norwegian process.’ ‘ “ 970 

size of present industry. 972 

. . utilization of off-peak power. 907 

Oil circuit breakers, rating and selection (See Circuit breakers oil 
etc.) ’ ’ 

110,000-volt transmission, St. Lawrence River crossing. 1653 

Oxide film lightning arresters (See Arresters, lightning, etc) 

Phase advancers, use of. 79 

converters, no-load conditions (See Converters, phase, etc.) 

1 henomena, short circuit, sustained, salient-pole alternators. 1141 

Polyphase, machinery, commutator.. .. ... 354 

motors, shunt (See Motors, polyphase, etc.) 
p networks, solution, symmetrical co-ordinates method . 1027 

1 otential, constant, d-c. generators, variable speed... 1405 

measurement, standard cell, substitute..[ 107 

Potentiometers, standard cell substitute.. 107 

Power circuits, transposition of.. 897 

electric, mining, anthracite coal. 1671 

comparative steam costs.. . 1672 

typical load curve. 1673 

vs. bituminous coal.. 1673 

factor, induction motor, improvement of.... 356 

hydroelectric and steam, economic proportion, determina¬ 
tion.1471 

load factors. 1473 

Ontario..,.__ 1607 

Central Ontario System............. 1616 

Eugenia System_;... 1614 

Muslcoka System.. 1611 

Niagara System. 1622 

Nipissing System. 1611 

Port Arthur System..... 1610 
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Power hydroelectric Ontario (continued) 

Queenstown Development. 1626 

Rideau System. 1621 

> Severn System. 1613 

St. Lawrence System. 1620 

system map. 1609 

Wasdell’s Falls System..... 1613 

industrial and domestic, committee report. 731 

loss, dielectric, measurement, 3-conductor cables (See 
Cables, high-tension, 3-conductor, etc.) 

stations,' automatic. 996 

committee report. 755 

systems, underground, design of (See Distribution, under¬ 
ground, etc.) 

transmission, cable, aerial .... 791 

Pre-charged condensers, in series and parallel (See Condensers, 
pre-charged, etc.) 

Precipitation, electrical, dust in cement industry. 1573 

President’s Address. 391 

Primary dielectric.. ... 760 

Progress, electrical engineering, a review of (President’s Address).. 703 

Protection, balanced, split-conductor cables (See Cables, split- 
conductor, etc.) 

flashing, direct-current apparatus. 1341 

lightning, causes of insulation failures. 855 

oxide film arresters. 871 

spark gaps. 833 

Protective devices, committee report. 739 

Quantum theory, matter. 262 

Railroads, alternating-current, inductive interference (See Induc¬ 
tive interference, a-c. railroads, etc.) 

electrification. 712 

advantages, President's address. 391 

Railway, motors, light weight, advantages. 717 

Reactance, armature self-inductive, calculated vs. test values .1212,1214 
synchronous machines, calculation and application . . . 1209 

measurement, various methods 1298 

tooth-tip leakage. 1216 

transient, synchronous machines, short circuits. 1248 

Reactors.. 1347 

Reduction factor, flux, synchronous machines. 1481 

voltage, synchronous machines. 1482 

Relays, split-conductor cable, current-balance protection.... 765 

Reports, committees, technical.'.715-756 

Research, engineering, American.1709,1723 

Resistance, differential.. 760 

Rolling-mill motors, capacity of. 463 

Rutherford-Bohr atomic theory, matter. 264 

Rydberg’s constant, electromagnetic theory matter, equation .... 274 

Schrage motor, connection diagram. 305 

Secomor, illustrating performance of polyphase motor. .. 329 

use of. 342 

Secondary, dielectric... 760 

Self-induction, field, synchronous machines, formula calculation.. 1275 

Short-circuit, sustained, salient pole alternators. 1141 

Single-phase motors, induction, physical conception of operation 
(See Motors, induction, single-phase, etc.) 

Skin effect, conductors, strap... 1392 

tubular and flat. 1379 

coefficients for calculating.. 1383 

various thicknesses. 1384 

various types, comparison curves. }39() 
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Solar radiation, source of energy...... 991 

Spark gaps, lightning arrester.. ....’ ’ ‘ * ’ §33 

needle, time and voltage for spark-over.. 860 

vs. sphere, comparative settings. 861 

sphere vs. needle points .,. 857 

Split-conductors (See Cable, split-conductor, etc.) 

Standard cell, substitute for.. 167 

description. 168 

variable resistance element, ambient tem¬ 
perature effect. 171 

variableresistance element, characteristics 169,172 

variable resistance element, seasoning test 170 

thermoelectric. 175 

ageing of filament. 179 

characteristics.. 180 

circuit diagram. 176 

constancy curves.. . ... 182 

heating filaments and couple wires.. . 178 

operation. .... 176 

permanency tests.. 181 

temperature coefficient... .. 177 

use of gas in bulb..179 

Weston type, simple form... 183 

Steam and hydroelectric power, economic proportion, determina¬ 
tion. .. 1471 

Steel-mill motors, auxiliary. 491 

Substations, automatic.. 450 

Switch, split-contact....‘ ‘ ’ ’ ‘ ’ ’ ‘ ' ’ 76 O 

Synchronous machines, reactance, calculation and application.*.’ .* 1209 

theory of, harmonic analysis, air gap flux. 1490 

application . 1477 

armature re¬ 
action.... 1495 

field current 
calcula¬ 
tion. 1500 

field leakage 1505 

flux distri- 
b u t i o n 
control. . , 1483 

fl u x reduc¬ 
tion factor 1481 

saturation 
correction 1486 

short-circuit 
conditions 1499 

unslotted 
field sur¬ 
face cor¬ 
rection. .. 1488 

voltage and 
power, 
general 
expres¬ 
sions. 1479 

voltage re- 
duction 
factor.... 1482 

motors, cement industry... ...... 1592 

Telegraph circuit, inductive interference, remedial measures ..... 533 

Telephone circuits, transposition of...................... i..... 897 

Temperature, rise, three-phase feeders single-phase load.......... 429 
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Thermal storage meter (See Meter, thermal storage, etc.) 

Thermoelectric, standard cell.... . 175 

Traction and transportation, committee report;... 715 

Transformer, vaults, .underground distribution, location.. 437 

Transformers, balancing or differential.. . . . ‘.. 760 

delta-delta bank, unsymmetrical, solution by sym¬ 
metrical coordinates.;.... 1058 

differential.. 766 

Transmission, 110,000-volt, St. Lawrence River crossing. 1653 

cables..... 1660 

description 1655 
erecting 

cables... 1661 
■ founda¬ 
tions of 

■ towers... 1.657 

ice protec¬ 
tion. 1664 

insulators . 1659 

preliminary 
invest¬ 
igations. 1655 
tower de¬ 
sign. 1657 

and distribution, committee report.... 724 

line, insulators, design (See Insulators, line, design, 
etc.) 

tests, corona, high altitude... 91 

power, cable, aerial, construction. 791 

Transpositions, coordinate, parallel power and telephone circuits . 899 

parallel circuits, conductive and inductive connec¬ 
tions . 900 

crosstalk, method of measuring... 938 

design of. 897 

disturbing circuits, classification 

of. 905 

“exposed line” system. 900 

induction, long circuits... .. 924 

number of parallel 

wires.. 923 

small induced effects.. 923 

two long symmetrical 

circuits. 926 

two wires and ground 

return. 4 . .. 921 

length of barrels of power circuits, 

effect of. 906 

phantom circuits..... 903 

system design. 908 

cost. 910 

neutral points. 909 

non-phantomed cir¬ 
cuits . 910 

special require - 

ments. 909 

telephone vs. 3-phase power cir¬ 
cuits, typical arrangements.... 906 

type unbalance. 902,930 

frequency effect.'. 932 

phantomed cir¬ 
cuits. . ... t 933 

typical arrangements, table ..... 904 

unbalance, irregularity in length 

of circuit.. 930 
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Turbines, steam, induction generator stations... .. 

Unbalanced magnetic pull, dynamo-electric machines... 

Behrend and 
Knowlton 
formulas .. 
eccent rici ty 
bi-polar, 
cylindrical 
field, dis- 
t r ibu ted 
winding... 
eccentricity, 
multi-polar 
distributed 
exciting 
winding . . . 
eccentricity, 
multi-polar 
salient pole 
eccentricity, 
salient pole, 
bipolar.... 
eccentricity, 
salient pole, 
graded air 

gap- 

effect on criti¬ 
cal speed.. 
effect on ec¬ 
centricity . 
equalizing 
connections 
exciting coil 
inequali¬ 
ties . 

Fisher-Hin- 
nen formu¬ 
la. 

one pole ora 

series. 

Rey and Su- 
mec formu¬ 
las... 

Underground distribution, system design (See Distribution, under- 
ground, etc.) 

Vectorial balancing ...... 

Water power, potential, United States.. 

Welding, electric.. 

costs..... 

covered vs. bare electrodes. 

direct vs. alternating current. 

kw. per welder. 

methods of.. —... 

present status..... 

testing, methods..... 

training operators.. 

X-ray spectra.. ...... 


1004 

1417 


1420 


1451 


1441 


1429 


1446 


1446 

1465 

1455 

1461 

1461 

1419 

1427 


1421 


761 

988 

1519 

1524 

1524 
1523 
1523 
1526 
1521 
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1525 
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